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….ABSTRACT……. 
Ceramic nanopowders offer great potential in advanced ceramic materials and many other 
technologically important applications. Because a material’s rheological properties are crucial 
for most processing routes, control of the rheological behavior has drawn significant attention in 
the recent past. 
The control of rheological behavior relies on an understanding of how different parameters 
affect the suspension viscosities. Even though the suspension stabilization mechanisms are 
relatively well understood for sub-micron and micron size particle systems, this knowledge 
cannot be directly transferred to nanopowder suspensions. Nanopowder suspensions exhibit 
unexpectedly high viscosities that cannot be explained with conventional mechanisms and are 
still a topic of investigation.  
This dissertation aims to establish the critical parameters governing the rheological behavior 
of concentrated oxide nanopowder suspensions, and to elucidate the mechanisms by which these 
parameters control the rheology of these suspensions. Aqueous alumina nanopowders were 
chosen as a model system, and the findings were extrapolated to other oxide nanopowder 
systems such as zirconia, yttria stabilized zirconia, and titania. Processing additives such as 
fructose, NaCl, HCl, NaOH, and ascorbic acid were used in this study.  
The effect of solids content and addition of fructose on the viscosity of alumina nanopowder 
suspensions was investigated by low temperature differential scanning calorimetry (LT-DSC), 
rheological, and zeta potential measurements. The analysis of bound water events observed in 
LT-DSC revealed useful information regarding the rheological behavior of nanopowder 
suspensions. Because of the significance of interparticle interactions in nanopowder suspensions, 
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the electrostatic stabilization was investigated using indifferent and potential determining ions. 
Different mechanisms, e.g., the effect of the change in effective volume fraction caused by 
fructose addition and electrostatic stabilization, were combined to optimize the viscosities and 
the ability to control the suspension viscosity. The intrinsic viscosities of nanopowder systems 
were estimated using the Krieger-Dougherty relation. Both the individual and the combined 
effects were evaluated using slip casting of green bodies. Also, ascorbic acid was used to 
disperse the alumina nanopowders (described here for the first time in the open literature). The 
mechanism of viscosity reduction was investigated by in situ attenuated total reflectance Fourier 
infrared spectroscopy (ATR-FTIR), rheological, suspension pH, and zeta potential 
measurements. Lastly, the findings were extrapolated to several other oxide systems. The 
rheological behavior of zirconia, yttria stabilized zirconia, and titania nanopowder systems was 
investigated as a function of solids content, bound water, and intrinsic viscosity.  
The results indicated that nanopowder suspensions differ from sub-micron powder 
suspensions because of the higher bound water content and the short separation distances 
between particles causing increased interparticle interactions. The bound water event was 
associated with the powder surface. This layer differed from the electrostatic double layer in that 
it was modified by fructose molecules as well as by specifically adsorbed ions such as H+ and 
OH but not by indifferent electrolytes, such as NaCl. Because of the large surface area of 
nanopowders, this additional layer increased the effective solids content and led to higher 
viscosities. While the alumina suspensions were studied in detail, it was also shown that the 
bound water was not unique to the alumina nanopowder suspensions, but also present in other 
oxide systems. However, the bound water content was unique for each system and provided 
information about its origin. The presence of bound water resulted in lower the maximum 
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achievable solids fractions for nanopowder systems. In order to achieve higher solids contents, 
the bound water layer had to be modified.  
Because of the limited separation distances and large surface areas of nanopowders, the 
electrostatic double layer has an amplified effect on the viscosity of the suspensions. The 
addition of NaCl decreased the viscosity of alumina nanopowder suspensions significantly by 
compressing the double layer hence limiting the repulsion length.   
We also discovered that ascorbic acid can be used to disperse the alumina nanopowder 
suspensions. By adding only 1 wt% of ascorbic acid, the viscosity of the suspensions decreased 
significantly. It was shown that ascorbic acid molecules adsorbed to the alumina surfaces and 
when the adsorption reached equilibrium, the lowest viscosities were observed. By lowering the 
viscosities, the maximum achievable solids content (where [ƞ] ≤ 1 Pa·s at a shear rate of 100 s-1) 
could be increased up to about 0.35, which is the highest solids content achieved with readily 
available processing additives reported in the open literature.  
Even though it is almost impossible to isolate the individual effects, three dominant 
mechanisms were observed in nanopowder suspensions: (i) increase in effective volume fraction 
(bound water), (ii) interparticle interactions (electrostatic), and (iii) adsorption of organic 
molecules. It was shown that the understanding of the system’s parameters enables the 
optimization of the rheological behavior of the suspensions and the prediction of the green body 
quality.  
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CHAPTER I. INTRODUCTION 
I.1 Thesis Organization 
This dissertation adopts a journal paper format composed of original manuscripts preceded 
by an introduction and followed by a conclusion as described in the Graduate College Thesis 
Manual. References cited have been placed at the end of each chapter.  
Chapter II contains the first paper, titled “Elucidation of Viscosity Reduction Mechanism of 
Nano Alumina Suspensions with Fructose Addition by DSC” was published in the Journal of the 
American Ceramic Society. Here, the effect of solids content and fructose concentration on the 
viscosity of alumina suspensions was revealed through the bound water content. The viscosity 
reduction mechanism of fructose was elucidated.  
The second paper presented in Chapter III, “Electrostatic Stabilization of Alumina 
Nanopowder Suspensions”, was accepted for publication by the Science of Advanced Materials. 
In this paper, the stability of concentrated alumina nanopowder suspensions at specific ranges of 
ionic strength and pH was investigated and possible mechanisms effective in controlling the 
suspension viscosity were discussed. 
The third manuscript presented in Chapter IV, titled “Combined Effect of Fructose and NaCl 
on the Viscosity of Alumina Nanopowder Suspensions”, will be submitted to the Journal of 
European Ceramic Society. In this study, we exemplify the success of combining electrostatic 
(NaCl) and specific surface adsorption (fructose) on the viscosity of alumina nanopowder 
suspensions. The suspension viscosity was also modeled by the Krieger-Dougherty relation. The 
relation was modified by accounting for the presence of the bound water layer.  
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Chapter V, “Bound Water Layer and its Influence on Viscosity of Ceramic Oxide 
Nanopowder Suspensions”, extrapolates our findings to other oxide nanopowder systems, such 
as zirconia, yttria stabilized zirconia, and titania. It was shown that bound water is not unique for 
alumina suspensions, but also observed in other oxide systems which were studied. Modified 
Krieger-Dougherty equation was applied to better understand the viscosity mechanism of 
suspensions. This paper will be submitted to the Journal of European Ceramic Society.  
Chapter VI contains the fifth manuscript, “Ascorbic Acid as a Dispersant for Concentrated 
Nanopowder Suspensions”, which was accepted by the Journal of European Ceramic Society. In 
this paper, we report the use of ascorbic acid for the dispersion of alumina nanopowder 
suspensions for the first time in the open literature. Adsorption of ascorbic acid on alumina 
surface was studied by use of in situ ATR-FTIR Spectroscopy, zeta potential measurements and 
suspension pH changes. Concentration of ascorbic acid was optimized to obtain the lowest 
viscosity and highest achievable solids content.    
Although all five manuscripts are mainly the work of this author, Mufit Akinc, major 
professor, has made significant contributions to these manuscripts and appears as a co-author. 
Laura van Steenhuyse (in the first paper, Elucidation of Viscosity Reduction Mechanism of Nano 
Alumina Suspensions with Fructose Addition by DSC), and Daniel D. Anderson (in the third, 
Combined Effect of Fructose and NaCl on the Viscosity of Alumina Nanopowder Suspensions, 
and the fourth manuscripts, Bound Water Layer and its Influence on Viscosity of Ceramic Oxide 
Nanopowder Suspensions), who are listed as co-authors were undergraduate students 
contributing to the work by conducting some of the experiments and analyses.  
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I.2 Introduction 
Ceramic nanomaterials are applied in electronics (in capacitors, insulators, substrates, 
integrated circuit packages, piezoelectrics, magnets, superconductors, etc.), coatings (for engine 
components, cutting tools, industrial wear parts, etc.), chemical processing and environmental 
components (as filters, membranes, catalysts, catalyst supports, etc.), nanofluids (in hybrid 
powered engines, refrigerators, heat exchangers, nuclear reactor coolants, etc.)  as well as in 
solid oxide fuel cells, paints, pigments, printing inks, adhesives, abrasives, ferrofluids, 
sunscreens and others.  
Many of the processes using nanopowders involve dispersing the powder in a liquid, either 
as an intermediate step or to as the end product. In either case, the rheological properties of the 
suspensions are critical for almost all processes. The viscosity of a suspension generally 
determines its stability and its homogeneity, both of which are crucial for product quality. For 
application where strength is essential, the solids content determines the packing density and 
therefore also becomes an important parameter dependent on the viscosity. Rheological 
properties of suspensions not only play role in selecting and designing of production techniques, 
but also reduce production cost when the suspension viscosities are lowered.   
Manipulation of the interparticle interactions (solid-solid and solid-liquid interactions) 
allows to control the rheological behavior, providing an approach to optimize the suspension 
properties. This manipulation process is called colloidal processing. Processing additives and 
conditions are chosen specific to the properties of the powders and liquids under consideration; 
the goal is to control the interactions between the powder particles, to stabilize the suspension, 
and retain reasonable rheological properties while obtaining optimum solids content.  
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When nanometer range powders are used in production, homogeneous dispersion and high 
particle loading become quite challenging because of the agglomeration tendency and high 
surface area of nanoparticles. The smaller the particle size, the higher the number of particles 
introduced to the system for given amount of powder, creating shorter interparticle distances 
between the individual particles (Figure 1 a). For small particles in close proximity, even small 
disturbances in the system, such as Brownian motion, may result in agglomeration. Higher 
viscosities of nanopowder suspensions can’t be explained by conventional models [1-4]. 
 
Figure 1: Crowding of particles as particle size decreases (a). The effect becomes more significant 
when interfacial layers are considered (b). In the above illustration when the particle size is 
reduced to ¼, the number of particles will increase by 64-fold for a constant solids content. 
In aqueous media, the surface of a ceramic particle interacts with the medium and develops 
a charge on its surface. This interaction builds an interfacial layer between the particle surface 
and the medium. While the interfacial layer thickness (electrostatic double layer) is negligible 
with respect to the particle size for large particles, it becomes significant in nanopowders (Figure 
1 b). Because the oxide particles are surrounded by their interfacial layer in the suspension, the 
effective particle size and hence the effective solids content increase and consequently limit the 
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maximum packing density of the particles. That brings us to question, “What kind of adjustments 
can be made to obtain and control the properties of highly loaded ceramic nanopowder 
suspensions?” Answer of this question requires a clear understanding of the system, especially 
the dominant interaction forces where the conventional models fail to explain. Only after then, 
the dominating parameters may be adjusted for optimum suspension viscosity.  
The attractive van der Waals (vdW) forces, the repulsive electrostatic forces, and the steric 
(polymer-induced) forces are the operative system forces commonly examined to predict and 
explain the behavior of particle suspensions, especially when the particles size is in the 
micrometer scale. The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is used to calculate 
the net interaction potential between particles as a function of separation distance using the 
summation of individual forces. The net potential helps to predict the stability and rheological 
properties of the suspensions. Processing additives are used to stabilize the colloidal systems 
because they restrict the attractive forces or enhance the repulsive interactions between particles 
to increase stability [5, 6]. Even though the critical parameters for stabilization of micron- and 
submicron-size powder suspensions are well established, the knowledge cannot be transferred 
directly to nano-size powder systems.  
It was reported that conventional additives used to decrease the viscosities of sub-micron 
size powder suspensions either increase the viscosity of the suspensions rather than decrease it, 
or limit the maximum achievable solids content because they may induce bridging or depletion 
flocculation in concentrated suspensions of nanopowders [7].   
Alumina is one of the most commonly used and as such most extensively studied ceramic 
oxides. In particular, synthesis and characterization of alumina powders, as well as its various 
processing routes have been widely documented [8-15]. Alumina provides a broad operational 
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pH range because of low solubility and its slightly alkaline isoelectric point. The isoelectric 
point, IEP, is defined as the pH value of a suspension at which the net electric charge of the 
particles is zero. Because the repulsive forces are created by the surface charge, stable 
suspensions can be obtained at pH values away from the IEP and makes the range of study with 
alumina particles more flexible.  
It was observed that low molecular weight saccharides serve as good dispersing agents for 
highly loaded alumina suspensions [16-20]. Although there are some predictions regarding the 
viscosity reduction mechanism of low molecular weight saccharides and other processing 
additives for a variety of ceramic nanopowder systems, they are generally only applicable to 
specific chemicals and under a given set of experimental conditions, hence far from being 
general models for nanopowder suspensions [16-21]. The aim of this research is to establish 
critical parameters governing the rheological behavior of highly loaded nanopowder suspensions 
and elucidate the mechanisms by which these parameters control the rheology of ceramic 
nanopowder suspensions. Alumina nanopowder suspension was used as a model and the findings 
were extrapolated to other ceramic systems, such as zirconia, yttria stabilized zirconia, and 
titania.  
I.3 Background 
Rheological Behavior of Colloidal Suspensions 
Rheology is the study of the flow and deformation behavior of materials in response to 
applied stresses. Viscosity is a constant value, expressing the resistivity of the fluid to flow at a 
given shear rate; it can be expressed as the ratio of the stress applied, τ, to the rate of 
displacement of the fluid, ߛሶ  (Equation 1). If the fluid exhibits a constant, characteristic response 
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at all shear rates, it is called a Newtonian fluid. Simple fluids, such as water, show Newtonian 
behavior.  
ߟ ൌ ݏ݄݁ܽݎ ݎܽݐ݁ݏݐݎܽ݅݊ ݎܽݐ݁ ൌ
߬
ߛሶ  (1)
Perturbations in the structure of fluids will create perturbations in the rheological responses. 
For the colloidal suspension of hard spheres, the equation of the state for viscosity can be written 
as [22]  
ߟ௦ ൌ ݂ሺߛሶ , ݐ, ߟ௟, ߩ௟, ܴ, ݊, ߩ௉, ݇ܶሻ (2)
where ηs is the suspension viscosity, ߛሶ  is the shear rate; ݐ is the time; ηl and ρl are the 
viscosity and the density of the liquid; R, n, and ρp are the radius, concentration (number density) 
and density of the particles, and ݇ܶ is the thermal energy reflecting Brownian motion.  
Hard spheres are rigid, inert, spherical particles which do not experience interparticle forces, 
but infinite repulsion at contact. In the presence of charged particles rather than hard spheres, 
additional parameters are introduced to the equation of state, such as the charge of particle, q, the 
ionic strength of the suspension, I, and the dielectric constant of the medium, ε. For colloidal 
systems containing the same type of particles and medium at constant temperature, pressure and 
shear rate, all variables can be grouped into two groups; solids content, Φ, and interactions 
between particles, ψ. Some of the rheological models reported in the literature are summarized in 
Table 1.  
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Table 1: Rheological models for colloidal suspensions.  
Reference Equation Parameters Properties 
Einstein 
[5, 23] ߟ௥ ൌ 1 ൅ 2.5Φ 
ࣁ࢘:reduced viscosity; ઴: solids content 
Hard sphere model 
suspensions (1st order 
hydrodynamic interactions 
are introduced.) 
applicable for Φ ≲ 0.03 
Batchelor 
[5, 23] ߟ௥ ൌ 1 ൅ 2.5Φ ൅ 6.2Φଶ  
Hard sphere model 
suspensions (1st and 2nd 
order hydrodynamic 
interactions are 
introduced.) 
applicable for Φ ≲ 0.10 
Krieger-
Dougherty 
[5, 23] 
ߟ௥
ൌ ൬1 െ ΦΦ୫ୟ୶൰
ିሾఎሿ஍ౣ౗౮
 
ሾࣁሿ: intrinsic viscosity 
(ሾߟሿ= 2.5 for spherical hard 
spheres); 
઴ܕ܉ܠ: maximum packing 
(Φ୫ୟ୶ = 0.64 for random 
close packing; 0.74 for the 
closest packing of 
monodispersed spheres[24]) 
Hard sphere model 
suspensions 
shape effects are 
introduced. 
Starov et 
al. [25] ߟ௥ ൌ ൬1 െ
Φ
Φഥ୫ୟ୶൰
ିଶ.ହ୅ഥ
 
઴ഥܕ܉ܠ: average packing 
density of all clusters; 
࡭ഥ: average resistance 
coefficient of all clusters 
Hard sphere model 
suspensions 
clustering effect is taken 
into account. 
Liu [26] 
ߟ௥ ൌ ሾܽ	ሺΦ୫ୟ୶ െ Φሻሿି௡; 
Φ୫ୟ୶ ൌ 1 െ ܾܽ 
a, b: experimental parameter 
describing the viscosity 
behavior of suspension; 
n: flow dependent suspension 
specific parameter 
(n=2 for high shear 
applications) 
Empirical model 
aims to calculate the value 
of Φ୫ୟ୶ for highly 
concentrated ceramic 
suspensions. 
For viscosity calculations, 
extrapolation of the 
experimental data is used. 
Horri et 
al.[27] 
ߟ௥ൌ 1 ൅ 2.5Φ
൅ ܭΦ൬ ΦΦ୫ୟ୶ െ Φ൰
ଶ
 
ࡷ: model coefficient 
Empirical model 
addition of residual 
relative viscosity term for 
the concentrated 
suspensions. 
Ruiz-
Reina[28] 
ߟ௥ ൌ 1 ൅ 2.5ΦSሺΦሻሺ1൅ pሻ 
܁ሺ઴ሻ: the Simha function 
(concentration effect) 
ܘ: electroviscous coefficient 
Theoretical model, 
solids content and electro-
viscous effects are 
introduced. 
Ogawa et 
al.[29] 
ߟ௥ ൌ
ቀ1 െ ஍஍ౣ౗౮ቁ
ିଶ.ହ஍ౣ౗౮ ൅
݇ଶΦ	exp	ሺ୙౬ሺ஍ሻ୩ా୘ െ
୩భୟయ஢౦
஍୩ా୘ ; 
 
U୴ሺΦሻ ൌ kଷVሺaሻ 
ܓ૚, ࢑૛, ܓ૜: certain constants; 
a: particle size; 
ોܘ: elastic particle stress 
arises from interparticle 
potential forces; 
܃ܞሺ઴ሻ: activation energy; ܄ሺܚሻ: interparticle potential  
Effects of interparticle 
interactions on viscosity 
are introduced via 
activation process. 
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The presence of charged particles in the system introduces attractive and/or repulsive 
interparticle interactions. The double layer around the particles formed as a result of the 
interparticle interactions has a profound influence on the rheological behavior of the suspensions 
[30]. As long as the thickness of the layer, δ, is relatively small, the hard sphere model represents 
the system fairly well. If that is not the case, the effective radii of the particles become much 
larger than the core radius, as does the effective solids content, leading to yield stress and higher 
viscosity than expected. The effective solids content can be approximated by adding the double 
layer thickness to the particle core radius. The effective solids content, Φeff, is calculated as 
shown in Equation 3 [5].  
Φୣ୤୤ ൌ Φ൬1 ൅ δR൰
ଷ
 (3)
As the particle concentration approaches the dense packing values for the charged particles, 
the double layers around the particles will start to overlap because of the small separation 
distances between them independent of the repulsive forces, and results in the agglomeration (or 
flocculation) of the particles. The degree of overlapping can be visualized by calculating the 
average separation distance,൏ ܵ଴ ൐, between individual particles.  
൏ ܵ଴ ൐	ൌ ܽ ቈ൬Φ୫ୟ୶Φ ൰
ଵ/ଷ
െ 1቉ (4)
The degree of flocculation depends on the strength of the interparticle attraction. Weakly 
flocculated systems (1 ൏ െ௏೘೔೙௞ಳ் ൏ 20) show reversible flocculation and strong shear thinning 
behavior because the shear during the flow breaks the weak links between the structures [15, 30, 
31]. In flocculated systems where particles are held strongly (െ௏೘೔೙௞ಳ் ൐ 20ሻ on the other hand, 
flocculation (or aggregation) is irreversible and these systems exhibit substantial yield stress as 
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well as shear thinning behavior. In this case, the aggregates are considered as the primary flow 
units and with an increase in shear rate, the viscous forces reduce the size of the aggregates and 
release the immobilized water within the aggregates. This in turn, leads to a decrease in the 
effective solids content and hence in the viscosity of the suspension [15, 30-33]. Even though 
this explanation is widely accepted, the cause of the shear thinning behavior is still controversial 
[34-38]. Recently, it was reported that a decrease in interparticle forces at high shear rates caused 
by strong hydrodynamic forces leads to shear thinning behavior [37].  
The rheological models can be improved by accounting for the effects of the agglomerate 
structures (Starov model), the thickness of electrical double layer (Ruiz-Reina model) as well as 
the overall interparticle interaction energy (Ogawa model). Also, the agglomerate structure can 
be introduced into the effective solids content term and the intrinsic viscosities discussed 
accordingly [34, 36, 39]. However, all equations available in the literature underestimate the 
viscosities of nanopowder suspensions, even when the dilute solutions are considered [1, 2, 40, 
41].  
In summary, the addition of particles into the solutions increases the viscosity of the 
suspensions mainly because of the hydrodynamic and interparticle interaction effects between 
charged particles. Higher particle concentrations and smaller sizes make these effects profound. 
Current rheological models available in the literature do not accurately predict the viscosities of 
nanopowder suspensions. A better understanding of the suspension behavior is needed to 
improve the available models or derive new ones.  
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Interparticle Interactions in Colloidal System 
As stated in the previous section, the rheological properties of suspensions primarily depend 
on the interactions in the system. Although the contribution of the interactions varies 
significantly for different systems, they can be classified into three groups: solvent-solvent, 
particle-particle and solvent-particle interactions. The viscosity of the pure fluid is determined by 
solvent-solvent interactions. With the addition of particles, these interactions are interrupted and 
new ones are introduced depending on the interfacial properties between particles and solvent. 
Higher particle loadings result in particle-particle interactions.  
It is widely accepted that there are two main forces present in all colloidal systems; they are 
known as attractive van der Waals and repulsive electrostatic forces. Additional interactions may 
also play a significant role depending on the system conditions.   
Van der Waals Interactions 
Van der Waals (vdW) interactions are the main attractive forces in the system and arise from 
the interactions between atomic or molecular oscillations or rotating electrical dipoles in the 
medium, so-called dipole-dipole interactions. If the molecules can rotate freely, the dipoles try to 
maximize the attractive dipolar attractions and minimize the repulsive forces by aligning the 
dipoles with respect to each other.  Because there is no permanent orientation in isotropic liquids, 
the molecules try to correlate themselves due to its neighbor so the net attractive forces occur 
among the molecules. These are the forces that hold most fluid molecules together. The total 
attraction potential can be calculated on the molecular level, but it is useful to account these 
forces on a continuum for complex fluid systems. Hamaker calculated the vdW interaction free 
energy, VvdW, by a pair-wise summation over all atoms in the bodies from the polarizabilities and 
number densities of the atoms in the two interacting bodies. According to this calculation, VvdW 
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between two approaching spherical particles with radius a in a medium (different than the 
particle) is: 
௩ܸௗௐ ൌ െܣு12 	൜	
1
ሺݔ ൅ 1ሻଶ െ 1 ൅
1
ሺݔ ൅ 1ሻଶ ൅ 2݈݊ ൤1 െ
1
ሺݔ ൅ 1ሻଶ൨ ൠ (5)
Where ݔ ൌ ܦ/2ܽ ; ܦ is the gap between two spheres and ܣு is the Hamaker constant. 
With the Derjaguin approximation (ܦ ≪ ܽ	or ݔ ≪ 1), the equation can be simplified to 
௩ܸௗௐ ൌ െܣுܽ12ܦ (6)
Rather than using a microscopic approach, which Hamaker used to calculate the constant, 
Lifshitz’s theory (macroscopic approach) can be used to estimate the Hamaker constant, treating 
each body as a continuum with certain dielectric properties. Then,  
ܣு ൌ 34݇஻ܶ	 ൬
ߝ஺ െ ߝ஻
ߝ஺ ൅ ߝ஻൰
ଶ
൅ 3݄߭௘16√2
ሺ݊஺ଶ െ ݊஻ଶሻଶ
ሺ݊஺ଶ ൅ ݊஻ଶሻଷ/ଶ (7)
where, ߝ஺ ,	ߝ஻ are the dielectric constants of A (particle material), and B (medium), 
respectively; ݊௜ is the refraction of material i, and ߭௘is the main UV absorption frequency.  
For concentrated suspensions, the retardation effects observed at interparticle separations 
larger than 5 nm needs to be considered[5]. Gregory equation [42] includes the retardation effect 
and is valid for the separations smaller than particle size (Equation 8). 
ܧ௩ௗௐ ൌ െܣ6
ܽଵܽଶ
݄ሺܽଵ ൅ ܽଶሻ ሾ1 െ
ܾ݄
ߣ ݈݊ ൬1 ൅
ߣ
ܾ݄൰ሿ (8)
where A is the Hamaker constant, a1 and a2 are the radii of the spherical particles at the 
separation distance of h, b is a constant equal to 5.32 and λ is the characteristic wavelength for 
the internal molecular motion which is generally taken as 100 nm.  
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Electrostatic Interactions 
Electrostatic interactions are present in any system containing ions. The natural surface 
charges of the particles in water or any media with high dielectric constant result in repulsive 
interactions between particles. Ionization or dissociation of surface groups, adsorption or binding 
of ions to the particle surface, or charge exchange mechanisms such as acid-base type 
interactions are the basis of ions present in the suspensions (discussed in details in the next 
section). The interfacial layer observed around the particles is called the electrical double layer 
(EDL) because it is shaped by the electrical properties of the particles and the solvent. 
 
Figure 2: Electric double layer models: Helmholtz (a), Gouy-Chapman (b), Stern (c), and BDM (d) 
model [43]. 
The first model for EDLs was defined by Helmholtz (1853) as the accumulation of a 
monolayer of counter ions on the metal surface. Later, Gouy (1910) and Chapman (1913) 
described the diffuse layer by accounting on the thermal motion of the ions. Stern (1924) 
improved the Gouy-Chapman model by combining it with Helmholtz’s model [5]. According to 
this model, the adjacent layer is limited with the saturation adsorption of counter ions due to their 
hydrated radii and after this layer, the ion diffusion occurs. Grahame (1947) added the specific 
adsorption of ions to the Stern model. Here, the EDL was divided into three regions: inner and 
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outer Helmholtz plane (IHP, OHP, respectively) and diffuse region. The Bockris, Devanathan 
and Muller (BDM) model (1963) [44] suggested that a layer of water was present within the IHP 
at the surface of the electrode. The dipole of these molecules would be fixed because of the 
charge in the electrode; other layers of water would follow the first layer and the polarity of the 
water molecules would increase. In the presence of specifically adsorbed ions, water molecules 
within the IHP would be displaced by ions. Figure 2 summarizes these EDL models. The Stern 
layer and the BDM model are widely accepted by the scientific community. 
 It is not easy to measure the surface potential of particles directly, but it can be 
approximated from zeta potential, ζ, as shown in Equation 9 in which ds is the distance from the 
surface where the measurement is taken. This distance is generally taken as the shear plane and 
is taken as 0.5 nm for aqueous solutions [45].  
߰ ൌ ߞ expሺߢ݀௦ሻ (9) 
The interfacial layer thickness, κ-1, known as the Debye length was derived from the 
Poisson-Boltzmann equation (PBE) by using the Gouy-Chapman model (Equation 10). In this 
model, the surface charge density and the dielectric constant of the medium within the double 
layer are assumed constant; the specific adsorption of ions and the surface charge variation on 
the particle surface are neglected; and the ion concentration within the interfacial layer is 
approximated as equal to the bulk concentration. In addition, the Debye-Hückel (DH) 
approximation (|ݖ߰଴| ൑ ௞்௘ ൎ 25	mV) is used and the surface charge profile is approximated as 
an exponential decay. With these assumptions, the double layer thickness, ߢ	ିଵ,	is given by: 
ߢ	ିଵ ൌ 	ඨ ߝߝ଴݇஻ܶ2݁ଶݖଶ݊ஶ ൌ ඨ
ߝߝ଴݇஻ܶ
2000݁ଶܫ (10) 
where the ionic strength, I, is given by: 
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ܫ ൌ 12෍ܿ௜ݖ௜
ଶ (11) 
where ߢ	ିଵ is the double layer thickness; ݁ is the charge of the electron; ݖ is the valence of 
the ion; ݊ஶ is the bulk ion concentration; ߝ is the static dielectric constant of the medium; ߝ଴ is 
the permittivity of the free space; ݇஻ is the Boltzmann constant; ܶ is the temperature; and ܿ௜ is 
the molar concentration of ions in suspension. For 1:1 monovalent ions in water at room 
temperature, Equation 10 becomes 
ߢ	ିଵ ൌ 0.034ඨ ߝ݊ஶ (12) 
As two particles approach to each other, osmotic pressure increases because of the 
overlapping of double layers and leads to long range, electrostatic repulsive forces between 
particles. For concentrated suspensions, total electrostatic potential can be expressed with the 
Hogg, Healy, and Furstenau (HHF) equation [46]. The HHF equation involves linearization of 
the Poisson-Boltzmann equation and Derjaguin`s approximation which is valid for only small 
surface potentials (< 50 - 60 mV). It is also assumed that the thickness of the double layer and 
particle-particle separation is small compared to the size of the particles. HHF interaction 
potential is given in Equation 13, where κ-1 is the Debye length, and ψ is the surface potential.  
ܧ௘௦ ൌ ߨߝ௥ߝ଴ܽଵܽଶܽଵ ൅ ܽଶ ሾሺ߰ଵ ൅ ߰ଶሻ
ଶ݈݊ሾ1 ൅ ݁ݔ݌ሺെߢ݄ሻሿ
൅ ሾሺ߰ଵ െ ߰ଶሻଶ݈݊ሾ1 ൅ ݁ݔ݌ሺെߢ݄ሻሿ  
(13) 
DLVO Theory 
The stability of colloidal systems is determined by the net interaction potential between 
particles, which the DLVO (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) theory 
represents as the summation of vdW and electrostatic potentials [23].  
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௡ܸ௘௧ ൌ ௩ܸௗௐ ൅ ௘ܸ௟௘௖௧ (14)
By plotting the net interaction energy as a function of distance, the stability of the colloidal 
system can be estimated (Figure 3). The potential energy barrier, Vmax, represents the maximum 
repulsive energy barrier between the particles. If the particles get closer than the separation 
distance corresponding to this energy barrier, they will be drawn toward one another to the 
primary minimum and aggregate unless the potential could not exceed by the energy provided by 
the Brownian motion. In some cases, a secondary minimum may appear, but these aggregates are 
very weak and easily disrupted.  
 
Figure 3: Net interaction energy curve [5]. 
The DLVO theory is vital for studying colloidal systems because it links the system forces 
to the total suspension properties; however, it is only the starting point for most systems because 
of restriction of the forces with vdW and electrostatic forces and oversimplification of the system 
parameters. Many papers in the literature suggest additional terms and modifications to the 
DLVO theory; however, none of these are able to describe the behavior of concentrated 
nanopowder suspensions satisfactorily, because they violate primary assumptions regarding vdW 
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and electrostatic forces made in the DLVO theory [47].  Currently, the DLVO theory can be used 
only qualitatively for nanopowder suspensions.  
Development of Surface Particle Charge in Liquid Suspensions 
The properties of the double layer are defined by the surface properties of the particles and 
the ion concentration of the suspensions. Therefore, the charging behavior of the particles is of 
importance in nanoparticle suspensions.  
The surface chemistry of the ceramic particles typically controls the charging behavior 
because of the low solubility and high surface to volume ratio of the particles. Desorption of ions 
from the particle surface and preferential adsorption of specific additive or impurity ions are the 
common charging mechanisms on the surface.  
Specific Adsorption/Desorption of Lattice Ions 
This mechanism is usually seen in soluble, crystalline materials such as silver halides. In 
silver halide suspensions, some of the silver and iodide ions are dissolved and iodide ions are 
preferentially adsorbed to the crystal surface because of their effective chemical potential 
differences. As a result, the surface is negatively charged and some silver ions will be liberated 
into the solvent. Because the surface potential is strongly dependent on the lattice ion 
concentration in the solutions, these ions are called the “potential determining ions, or pdi’s”. At 
some concentration of ions, the surface potential can become neutral. This concentration is called 
the “iso electric point” (IEP).   
If the ions do not involve in any interaction with surface is called “indifferent 
electrolyte”.Oxides with hydrated surface generally behave as constant potential surfaces with 
potential determining ions of hydroxyl (OH-) and hydrogen (H+). Although the hydrogen and 
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hydroxyl ions do not exactly fit the description of potential determining ions, they are still 
considered pdi’s, because hydroxyl groups of oxide surfaces are able to regulate themselves by 
acquiring or losing protons at different pH levels (Equation 14[5, 6]). 
ܯ െܱܪଶା 	ு
శ
ርሮ ܯ െ ܱܪ ைு
ష
ርۛሮ ܯ െ ܱି [14]
Therefore, the concentration of pdi’s determines the surface potential. At lower pH values 
than the value corresponding to the IEP, the surface will be positively charged, while it will 
exhibit negative potential at higher pH values.  
Specific Adsorption 
When the charged species present in the system chemically adsorb on the particle surface, it 
is referred to as specific adsorption. Surfactants, polyelectrolytes, and polyvalent ions are 
common examples of specific adsorption and they are generally used to disperse colloidal 
particles because of the electrostatic repulsive forces they establish. Because the mechanism is 
related to electrostatic interactions and the charge concentration, it is highly sensitive to the ionic 
strength and the pH of the suspensions.   
Solubility of the material liberates ions to the system. Different species formed at different 
pH values by hydration of these dissolved ions result in charging in the system. As an example, 
the aluminum ion, Al3+, concentration change and aluminum bearing species formed as a 
function of suspension pH are given in Figure 4 and 5.  
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Figure 4: Solubility of Al(OH)3 in water at 25 °C. The solid line indicates the maximum 
equilibrium solubility of Al3+ ions containing solution species[13]. 
 
 
Figure 5: Fraction of solution species as a function of pH for 10-1 molal Al3+ at a total ionic 
strength of 1.0 molal in equilibrium with Al(OH)3 at 25 °C [13]. 
Processing Additives 
Processing additives are used in ceramic suspension systems to obtain homogeneously 
dispersed, stable and concentrated suspensions with reduced viscosities. They may be organic 
(polymers, surfactants, or other small molecules) or inorganic (such as pyrophosphates) and aim 
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to enhance and/or create the repulsive forces or restrict the attractive interactions by different 
mechanisms.  
For oxides and/or particles with an oxide surface layer, the surface charge can be changed 
by adjusting the suspension pH.  As going away from the IEP, the repulsive interactions are 
enhanced. By adding charged species that adsorb to the particles, such as surfactants, the 
effective surface charge can be changed, and thus the repulsive interactions can be tuned.  
The use of organic molecules is also helpful in stabilizing the suspension via steric repulsion 
mechanisms. The soluble polymers, capable of adsorbing on the particle surface, introduce a 
polymeric layer between the particles and prevent the agglomeration of the particles. Because of 
the adsorption, the electrostatic properties of the particles may also change; in this case the 
combined mechanism is called electrosteric stabilization. The mechanism is based on adsorption, 
and therefore temperature, pH, and the concentration of the ionic species affect stabilization. For 
aqueous alumina suspensions, acrylic acid groups, including sodium or ammonium polyacrylates 
and methacrylates, are commonly used for neutral pHs [6, 13]. Oligo- or poly-saccharides (e.g., 
dextrins, dextrans, maltodextrins) are also used as a dispersants for micron-sized ceramic 
particles in aqueous suspensions [19, 48-50]. 
When nanopowders are used, the theories mentioned previously need to be modified or 
replaced with entirely new theories. The organic polymers used as dispersants in conventional 
ceramic powder systems do not work well with nano-scale powders. The polysaccharides, for 
example, significantly reduce the viscosity of micron-size alumina suspensions, while resulting 
in an increase in viscosity for alumina nanopowder suspensions [51] whereas low molecular 
weight saccharides significantly reduce the viscosity of the same system [16-21, 51-53]. To 
understand the viscosity reduction mechanism, smaller but similar organic dispersants were 
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studied [16, 20, 50, 51]; the changes in the system parameters such as water mobility and the 
available water content were also studied [17, 18]; however, fundamental and complete 
understanding of the mechanisms is still lacking.  
The electrostatic properties of nanopowder suspensions have also been studied by several 
groups, and attempts have been made to explain the deviations from the behavior exhibited by 
larger particle suspensions [13, 54-56]. Jailini et al. [55], for example, studied the effects of 
electrolyte concentration, particle size and volume fraction on zeta potential of nanopowder 
suspensions by using γ and α-alumina powders with  average particle diameters of 11, 44, and 
190 nm. They showed that the zeta potential decreased with particle size and the volume fraction 
of the suspensions. The increase in electrolyte concentration resulting from dissociation of 
ionizable surface sites on the alumina and soluble species resulting from the dissolution of 
alumina were offered as a possible reason.  
Nanopowder Suspensions and Bound Water  
Upon heating of frozen alumina nanopowder suspensions water shows two separate melting 
events in contrast to a single melting event observed for pure water. This interesting behavior 
was first observed by our group and the melting event which differs from the bulk water is called 
“bound water” [17, 18]. Low temperature differential scanning calorimetry, LT-DSC, 
thermogravimetry (TGA) and nuclear magnetic resonance (NMR) spectroscopy were used to 
differentiate the nature of the water associated with alumina nanopowders.   
Li and Akinc reported that three types of water are present in alumina nanopowder systems: 
free water, physically bound water, and chemically bound water [17]. Chemically bound water 
was found to account for 1.1 wt.% of the powder, while the thickness of physically bound water 
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varied with solids content from 3 nm to 6 nm. The increase in solids content (> 0.30) led to an 
overlapping of bound water layers and resulted in a dramatic increase in viscosity.  They also 
showed that the bound water can be modified by adding fructose. Rheological and NMR 
relaxation measurements indicated that the bound water layers exhibited lower molecular 
mobility. The introduction of fructose to the system increased the average mobility of the water 
molecules. It was suggested that fructose molecules release some of the bound water from the 
surface, increasing the availability of liquid for flow, and thus decrease the viscosity of alumina 
nanopowder suspensions.  
Falkowski et al. [16] studied the effect of fructose derivatives on viscosity of alumina 
nanopowder suspensions. They suggest that compatibility of the additive molecule with three 
dimensional hydrogen structure of water affects the suspension viscosity supporting the theory 
suggested by Li et al [17, 18].  
We believe that understanding the bound water mechanism and quantifying the change in 
melting behavior using DSC analysis will help in explaining the rheological behavior of 
nanopowder suspensions. Additionally, because of the high surface area, charging mechanisms 
of the alumina in aqueous suspensions, pH and ionic strength, will provide significant 
information to understand the surface properties of powders and the interparticle interactions. 
Use of alternative additives and extrapolation of findings to other oxide systems will expand our 
understanding of bound water and suspension viscosity, and make us able to generalize the 
conclusions.    
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Abstract 
Control of the rheological properties of the nanoparticle suspensions is challenging. In this 
study influence of the solids content and the fructose addition on the viscosity of nano alumina 
suspensions have been investigated by low temperature differential scanning calorimetry (LT-
DSC), rheometry, and zeta potential measurements. Analysis of the water melting events in LT-
DSC revealed useful information for explaining the rheological behavior of the nanoparticle 
suspensions. It was shown that the bound water layer has a negligible effect on the viscosity of 
micrometer-size particle suspension while it increases the effective solid content of alumina 
nanoparticle suspensions significantly leading to high viscosities. The presence of fructose 
modifies the bound water layer, decreases the effective solids content, hence resulting in 
viscosity reduction. Fructose addition lowers the pH of the suspension, but has a negligible effect 
on the zeta potential. The origin of the bound water, and electrostatic and steric effects of the 
fructose addition on the viscosity are discussed. 
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Introduction 
Control of the rheological behavior of powder suspensions is vital in colloidal processing, 
not only for easy handling but also to achieve optimum microstructure in the final product1. 
Optimum microstructures can be obtained when highly loaded, homogeneously dispersed and 
stable suspensions with reasonable viscosities are employed. The flow properties of the ceramic 
suspensions can be controlled via the electrostatic or steric stabilization mechanisms. However, 
control of viscosity in nanoparticle suspensions is challenging.  
Johnson et al2 reviewed the relationship between surface chemistry and rheology of the 
suspensions in detail. The viscosity was seen to increase powder with decreasing particle size; 
however, it was noted that this phenomenon has yet to be fully understood. Jailani et al3 reported 
the zeta potential of alumina nanoparticle suspensions with different electrolyte concentration, 
particle size, and volume fraction. They concluded that the electrostatic stabilization alone does 
not fully explain high viscosity observed in concentrated nanoparticle suspensions. They claim 
the increase in available surface leads to an increase in ionizable alumina surface sites resulting 
in high concentration of soluble species in the suspensions. Lu4 showed that van der Waals 
attractive forces are dominant in the alumina nanoparticle suspensions and the magnitude of the 
electrostatic repulsion is not sufficient to overcome the attractive forces. Therefore, Lu 
recommended steric stabilization for nanoparticle suspensions. Franks and Gan5 also suggested 
the use of a more robust steric repulsion for stabilization of nano oxide suspensions, and they 
showed that suspensions with chemically adsorbed molecules have higher stability during 
processing. 
When the common dispersants used for steric stabilization of micrometer-sized particle 
suspensions are employed in nano-sized particle suspensions, several problems arise. First, as 
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available surface is much higher in a nanoparticle suspension, a larger quantity of additive is 
required to cover the particle surfaces. As this adlayer polymer associates with the particle 
surface, the effective solids content increases in proportion to the thickness of the layer and 
limits the maximum achievable solids content. When polyacrylic acids are used, a decrease in 
viscosity of the suspensions has been reported4,6, but the maximum achievable solids content is 
limited to 30–40 vol%. On the other hand, when dispersants like oligo- or polysaccharides (e.g., 
dextrins, dextrans, maltodextrins) are used, the viscosity increases7–9. Schilling et al10 showed 
that low molecular weight polysaccharides reduce the viscosity of submicrometer particle (0.4 
lm) suspensions while the high molecular weight saccharides (>2000 kDa) result in an increase. 
This was attributed to the small separation distances between particles in submicrometer particle 
systems. 
Several attempts have been made to explain the mechanism of viscosity reduction in ceramic 
suspensions by various additives. Tomasik et al11 used 23 different low molecular weight 
additives like tetraalkylammonium hydroxides, tetraalkylammonium chlorides, phenols, and 
carboxylic acids to assess their effectiveness in reducing the viscosity of submicrometer (0.4 μm) 
alumina suspensions. They suggested that the electrostatic interactions have the most dominant 
effect due to a change in pH of the suspensions with the addition of these additives. However, for 
the nondissociating macromolecules, adsorption of these molecules on the particle surface was 
suggested as the viscosity reduction mechanism. The adsorption of monosaccharides on the 
alumina surface was also reported by Singh and Mohan12,13. Falkowski et al14 showed that 
neither shift in the isoelectric point nor significant change in zeta potential of alumina is 
observed with the addition of fructose, glucose and their derivatives with carboxylic group 
attachments. Therefore, although the low molecular weight saccharides adsorb on the alumina 
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surface, the viscosity reduction in alumina nano suspensions cannot be explained entirely by 
electrostatic or steric stabilization mechanisms. 
Li and Akinc15,16 used nuclear magnetic resonance measurements to explain the effect of 
monosaccharides, specifically fructose, on the viscosity reduction in nano alumina suspensions 
and introduced the term of “water availability” and its effect on viscosity of the concentrated 
alumina nanoparticle suspensions. They observed a significant increase in the average water 
mobility with the addition of fructose to the alumina suspensions. They also observed the 
appearance of a second water melting event when heating frozen alumina nanoparticle 
suspensions by differential scanning calorimetry (DSC). This second peak was attributed to the 
melting of bound water. It was suggested that the addition of fructose releases (or changes the 
nature of) the bound water on the surface and results in a decrease in the viscosity. 
However, the definition of bound water is still ambiguous and the viscosity reduction 
mechanism by low molecular weight saccharides or similar chemicals is still a topic of 
considerable debate. These concepts invoke a need for a better understanding of the rheological 
behavior of concentrated nanoparticle suspensions and its control. In this article, the effects of 
particle size, solids content, concentration of fructose, and indifferent electrolytes on the melting 
behavior of water in frozen alumina suspensions were investigated by DSC, rheometry, and zeta 
potential measurements. Fructose and nano alumina powder were chosen as model materials for 
the low molecular weight saccharide and the nano oxide particle system, respectively. 
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Experimental Procedure 
Materials 
Two types of alumina powders were used in this study. The micrometer size powder 
(Premalox 0.3 DA; Ocean State Abrasives Inc., RI) consisted of high purity (≥ 99.99%), 
deagglomerated and calcined α-alumina (ρ ≈ 3.98 g/cm3) particles with an average particle size 
of 0.3 lm. The nano alumina powder (with a phase distribution of γ/δ ≈ 70:30, brunauer-emmet-
teller (BET) specific surface area of 36 m2/g, density of 3.67 g/cm3, purity ≥ 99.5%) were 
obtained from the Nanophase Technology Corporation (Burr Ridge, IL). Figure 1 shows a 
transmission electron micrograph of the nanopowders used in this study. In general, particles are 
spherical showing a considerable size distribution ranging from about 10 to over 100 nm with an 
average particle size of about 45 nm. Sharp boundaries on overlapping particles indicate that the 
particles are not agglomerated. Ultrapure water with resistivity of 18.2 MΩ cm and total organic 
content (TOC) < 5 ppm (Milli-Q Gradient A-10 model of Millipore Company, Billerica, MA) 
was used to prepare the suspensions. D-(L)-fructose (99% purity; Sigma Aldrich, St. Louis, MO) 
and sodium chloride (99.99% purity; Alfa Aesar, Ward Hill, MA) were used as additives. 
Density of fructose was taken as 1.6 g/cm3. 
 
Figure 1: Transmission electron micrograph of alumina nanopowder. 
32 
 
` 
Suspension Preparation 
For the preparation of suspensions, the alumina powder content was calculated as a volume 
fraction of the suspension. The fraction of the fructose was calculated as a weight percentage of 
the alumina powder and the volume of fructose was taken into account while calculating the 
required volume of water. The samples were labeled as “xxAlyyF” where xx represents the 
volume percent of the alumina in the suspension and yy represents fructose content expressed as 
the weight percent of the alumina. As such, 20Al04F represents 20 vol% alumina suspension that 
contains 4% fructose based on dry mass of alumina. For instance, to prepare 100 mL of this 
particular suspension, 73.4 g (20 mL 9 3.67 g/cm3 =73.4 g) nano alumina powder (which was 
dried at 110 °C for 2 h prior to weighing), and 7.34 g fructose (10 wt% of alumina) were 
weighed separately. Fructose was then added to the sufficient amount of ultrapure water (80 mL 
- (7.34 g per 1.6 g/cm3) = 75.4 mL H2O) to make 80 mL of fructose solution to which the 
alumina powder is then added slowly. Suspensions were shaken for 24 h prior to analysis to 
establish chemical and physical equilibrium. For ionic strength experiments, a predetermined 
amount of NaCl, taking account for the total solution volume, was added to the suspension 2 h 
before the testing. 
In determining the electrolyte concentration, all the added water was assumed to be “free 
water”. As the NaCl additions were too small, their effect on the total volume was neglected. For 
each experiment, a 20 mL suspension was prepared. 
Rheology 
A rheometer (Model AR 2000ex, TA Instruments, New Castle, DE) with 40 mm steel cone 
and plate geometry having a 4° cone angle was used for viscosity measurements. A solvent trap 
was used to prevent water evaporation. During the measurements, 10 points per decade of each 
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half loop of three consecutive complete loops in the shear rate ramping up (0.5-500s-1) and down 
(500-0.5s-1) were recorded at 25.0 ± 0.1 °C. The measurements were generally reproducible after 
the 1st loop and the data points corresponding to final half loop were used in data analysis.  
In order to express the rheological behavior of the suspensions, Herschel-Bulkley model 
(power law) has been used (Equation 1) throughout the study.  
ߟ ൌ ܭߛሶ ௡ିଵ (1) 
In the above equation, ߟ is the viscosity of the suspension, ߛሶ  is the shear rate,	ܭ is the 
consistency coefficient and ݊ is the power law (or rate) index. Consistency coefficient, K, 
corresponds to viscosity of the fluid at a shear rate of 1 s-1 whereas the rate index, n, describes 
the flow behavior. The value of ݊ is a measure of shear thinning. The suspension shows strong 
shear thinning behavior as 1 െ ݊ approaches one. For 1 െ ݊ ൌ 0, viscosity does not show any 
dependency on shear rate, so suspension show Newtonian behavior. The measurements recorded 
in the present study were found to obey the power law within the limits of experimental error. 
Differential Scanning Calorimetry 
To elucidate the association of water with the particles and quantify the amount of water 
interacting with the particle surface from that of bulk water, low temperature differential 
scanning calorimetry (LT-DSC) was employed. Nanoparticle suspensions were cooled below the 
freezing point of water before heating to study the melting behavior of the water. For these 
experiments, a DSC (Model Q20; TA Instruments, New Castle, DE) fitted with an RCS 40 
cooling unit was employed. The DSC samples with similar water content (around 5–10 mg) were 
prepared and tested in hermetically sealed aluminum pans. The samples were cooled down to -25 
°C, held at that temperature for 1 min and the temperature was then increased to 10 °C at a  
eating rate of 1 °C/min. 
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The area under the melting curve was deconvoluted using TA Universal Analysis software 
to calculate the energy absorbed during each melting event. Since the melting events spread over 
a broad temperature range, a linear baseline is used for deconvolution. The melting temperatures 
were also estimated using TA Universal Analysis software. 
Zeta Potential Measurements 
Zeta potential measurements were conducted on Zetasizer Nano ZS90 (Malvern 
Instruments, Worcestershire, UK). Alumina suspensions prepared as described above were 
diluted until the concentration of the alumina particles was 200 ppm by deionized water. NaCl 
was added to keep the ionic strength of the solutions constant and equal to 0.001 M. The pH of 
the suspensions was varied between 3 and 11 using 0.1 M HCl or NaOH solution. 
Results and Discussion 
Melting Behavior of Water 
A single melting event around 0 °C was observed in the DSC experiment for pure water 
(Fig. 2, trace a). With the addition of 0.3 micrometer alumina particles, a shoulder appeared 
before the major melting event (Fig. 2, trace b). However, for nanosize powder suspensions, the 
second event became more prominent and emerged as separate from the free water peak (Fig. 2, 
trace c). This second event was designated as the “bound water” peak as it is believed to occur 
due to interaction of water with the alumina surface15. The lower melting temperature observed 
for the bound water may be attributed to the restricted motion and lower entropy due to its 
association with the particle surface. 
It is interesting to note the similarity between the free water melting peaks in Fig. 2. 
Furthermore, when the bound water peak is separated from the free water, as in nano alumina 
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suspension (trace c), the onset of free water peak for nano alumina suspensions and pure water 
coincides. 
 
Figure 2: DSC curves for pure water (a), micrometer size (b), and nano size alumina (c) suspension 
with a solids content of 0.30. 
Table 1: Effect of the particle size on the melting temperature and volume fraction of free 
and bound water as calculated from the LT-DSC data. 
 Tm, FW      (°C) 
Tm, BW    
(°C) 
∆Hf, FW   
(J/g) 
∆Hf, BW     
(J/g) wFW wBW 
Pure water 0.94 - 310 - 1.00 0.00 
Ф: 0.30, D : 0.3 μm 0.15 -3.64 310 * * * 
Ф: 0.30, D ≈ 45 nm 0.85 -3.35 310 230 0.55 0.45 
Tm, ∆Hf and w represent melting temperature, heat of fusion and weight fraction, 
respectively. Subscripts FW and BW stand for free and bound water, respectively. 
* Bound water peaks are very small and ill-defined. The content of the bound water cannot 
be reasonably calculated. 
To calculate the relative amounts of water associated with each event, the curves were 
deconvoluted [Eq. (2)]. The heat of fusion for free water is estimated by dividing the area under 
the peak for pure water (trace a) by the sample mass and found to be 310 J/g [Eq. (3)]. The 
deviation from the literature value of 333.6 J/g is about 24 J/g and corresponding to an error of 
7%. Heat of fusion values estimated by DSC were consistently lower than the literature values 
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and may be attributed to the nonequilibrium (kinetic) nature of the DSC analysis. The values 
estimated by DSC in this report should be considered accurate to about ± 10%. The free water 
content (mFW) of nano alumina suspensions was estimated using the value of ΔHf, FW = 310 J/g 
for heat of fusion of water [Eq. (3)]. The amount of bound water was estimated from the total 
water content of the sample (msample) and free water amount [Eq. (4)]. The heat of fusion value 
for the bound water was obtained by dividing the heat associated with the second event by the 
amount of bound water [Eq. (5)]. 
Q୲୭୲ୟ୪	 ൌ Q୊୛ ൅ Q୆୛  (2) 
m୊୛	 ൌ Q୊୛ / ∆H୤,୊୛  (3) 
m୆୛	 ൌ mୱୟ୫୮୪ୣ െ m୊୛  (4) 
∆H୤,୆୛ ൌ Q୆୛ /m୆୛  (5) 
where QFW, and QBW represent heat absorbed for free and bound water, and mi and ΔHf,i 
represent the mass and heat of fusion for component i, respectively. Because of the similar 
melting temperatures of free water in Fig. 2, the heat of fusion values can also be assumed 
constant among the samples with varying solids content, if the entropy change (structural change 
in water due to the presence of alumina particles) is neglected for the reported melting events. By 
using the heat of fusion values for each event calculated from pure water and nano-sized particle 
suspension data, the relative amounts of free and bound water were calculated. The results have 
been tabulated in Table I. Bound water content for micrometer size particles could not be 
calculated due to ill-defined and small bound water peak. The higher bound water content for 
nanoparticles is expected because of nearly an order of magnitude higher specific surface area. 
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Effect of Solids Content 
Figures 3 (a) and (b) show the viscosity of the alumina suspensions with different solids 
content and power law parameters, respectively. As seen in both figures, as the solids content 
increases the viscosity increases, the suspension becomes more shear thinning. 
Figure 4 shows the bound water peak increases with solids content. As seen in the figure, the 
onset of the bound water melting shifts slightly to lower temperatures, but extrapolation 
of the melting peak to the baseline results in more or less constant onset value for all 
samples except Φ = 0.50, and was estimated to be -3.1 °C ± 0.1 °C and 0.8 °C ± 0.1 °C for bound 
and free water, respectively. Free water peaks show similar features except solids content, Φ = 
0.50. The high solids content sample has very small quantity of free water. 
By using the method described in the previous section, heat of fusion of bound water and the 
relative amounts of bound and free water were calculated for each sample. The data for the 
lowest and highest alumina concentrations, Ф: 0.02, 0.05, and 0.50, were not included in the 
calculations because of the high error margin in deconvolution of small peaks. The average heat 
of fusion value for bound water was estimated to be 228 ± 8 J/g. The lower heat of fusion for the 
bound water relative to free water implies that entropy changes associated with bound water 
melting is lower than that of free water. 
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Figure 3: (a) Viscosity of the suspensions, and (b) change in power law parameters, consistency 
coefficient, K (▲), rate index, 1 - n (♦), with different solids content of alumina nanopowder. 
 
39 
 
` 
 
Figure 4: LT-DSC curves for melting of water in frozen alumina nanopowder suspensions as a 
function of alumina solids content. (The curves were normalized for total water content). 
‘xxAl’ stands for xx volume percent of alumina content.  
 
 
Figure 5: Change in bound water fraction with solids content of alumina nanopowder. 
 
The bound water content as estimated by deconvolution of the DSC curves are plotted in 
Fig. 5. As expected, with the increase in alumina content (and therefore the surface area), the 
fraction of the bound water increases. However, while the increase in the fraction of bound water 
is monotonic, the increase in the corresponding consistency coefficient, K, (a term analogous to 
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viscosity) is much steeper as shown in Fig. 3, similar to the behavior predicted by Krieger-
Dougherty relationship17. This behavior may be explained by the fact that beyond a certain solids 
loading, the particle–particle interactions play a more dominant role. 
 
Figure 6: Effect of the bound water on the viscosity as a function of solids content (■) and effective 
solids content (●).  
 
Effective solids content, Φeffective, may be estimated from the following equation: 
∆G	 ൌ ∆H െ T ∙ ∆S (6) 
by using the bound water fractions estimated from the DSC curves, the effective solids 
content of the suspensions were calculated and plotted against the consistency coefficient, K, as 
shown in Fig. 6. As the bound water cannot serve as a carrier for the suspension, the effective 
solids content in the suspension increases, and that of the liquid decreases resulting in more 
viscous suspensions. It should be noted that because of the unknown structure of bound water on 
the particle surface (or occluded within flocs), the estimated effective solids content should be 
considered approximate. 
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Bound Water 
Chemically bound water, electrical double layer, hydration layer, and the water trapped in 
pores are all likely to contribute to the bound water layer discussed above. 
The chemically bound water layer is the water molecules which are directly bound to the 
alumina surface. This layer is composed of a few water molecules in thickness which has been 
measured to be around 1 nm18–26 corresponding to around 1.1 wt% of powder for 45 nm diameter 
particles. The chemically bound water layer is commonly referred to as “unfreezable water” as it 
melts at temperatures lower than - 20°C27. When the estimated weight fractions and melting 
temperatures of bound water were considered, chemically bound water does not explain the 
bound water curves observed in this study. 
If the bound water is primarily due to the electrical double layer around the particles, we 
would expect the second peak in the DSC melting event to decrease and eventually diminish 
with an increase in indifferent electrolyte additions (i.e., NaCl) as the double layer thickness is  
ompressed. However, the increase in ionic strength does not diminish the bound water content 
(Fig. 7). On the contrary, the free water curves are shifted to lower temperatures with increasing 
NaCl concentration, as expected from freezing point depression. Therefore, the bound water 
melting peaks observed in the DSC plots cannot be explained by the electrical double layer. 
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Figure 7: DSC curves for 20 vol% aqueous alumina suspensions with respect to the sodium 
chloride, NaCl, concentration. 
Water in small pores melts at lower temperatures than bulk water as expressed by Gibbs 
Thompson relation 28. Rennie and Clifford29, and Ishikiriyama et al30 studied the melting of ice in 
porous solids using DSC and reported that lower melting temperatures are observed for smaller 
pores. Melting points observed in our LT-DSC runs correspond to much larger pore sizes than 
we would expect for our suspensions. 
The short range repulsive forces between the approaching surfaces, called hydration layer 
forces, result in the formation of a hydration layer around the particles. The properties of this 
hydration layer differ significantly from bulk water. The thickness, in which these forces are 
effective, measured around 2–3 nm for various systems20,22,23,25,26. The decay length of the 
hydration forces was reported to range from the 0.2 to 1.4 nm21. Although the exact origin of the 
hydration forces is not known, Butt et al21 stated that they are the water–water molecular 
interactions unlike the chemically bound water layers which originate from the interaction 
between the particle surface and the water molecules. Guriyanova et al31 recently showed by 
atomic force microscopy (AFM) force measurements that the short range repulsive forces, i.e., 
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hydration forces, are effective up to 5 nm and different from the Derjaguin Verwey Landau 
Overbeek (DLVO) forces which extend to longer distances. Furthermore, at high ion 
concentrations such as in the presence of NaCl salts, the DLVO forces are screened, but 
repulsive hydration forces areretained similar to our observations in this study. 
Based on the depression in the melting temperature and the fractions of water calculated 
from LT-DSC analysis, the bound water seems likely to represent the hydration layer. Regardless 
of its origin, bound water increases the effective solids content and results in high viscosities in 
nano alumina suspensions. 
Effect of Fructose Concentration 
In the absence of alumina, aqueous fructose solutions exhibit a single melting event in LT-
DSC plots as shown in Fig. 8. Absence of a second peak for these samples is another 
confirmation that the second melting event in alumina suspensions is due to alumina–water 
interactions. The melting peaks shift to lower temperatures and become more asymmetric as 
fructose concentrations increase. The estimated melting temperatures and average heat of fusion 
values are given in Table II. The decrease in heat of fusion as well as the onset of lower melting 
temperature is due to fructose–water molecular interaction and is in agreement with the 
experimental and computational saccharide aqueous solutions32. 
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Figure 8: DSC curves for aqueous fructose solutions (corrected for total water content). ‘xxF’ 
stands for xx weight percent of fructose. The concentration of fructose examined aqueous 
solution is the same as in the 20 vol% aqueous alumina suspensions. 
 
Table 2: Melting points and heat of fusion of fructose solutions as determined from LT-
DSC experiments. 
Fructose conc. % Tm (°C) (±0.1) ∆Hf (J/g) (±5%) 
0 0.9 311 
2 0.0 286 
4 -0.5 281 
6 -1.1 260 
8 -1.4 240 
10 -2.0 234 
Tm, and ∆Hf are melting temperature and heat of fusion. 
As in the alumina water system, two distinct melting events were observed in aqueous 
alumina suspensions containing fructose (Fig. 9). The effect of fructose in the bound water phase 
is twofold: solute effect of fructose in the bound water phase and fructose adsorbed on the 
alumina surface. Separating the effect of adsorbed fructose from that of water is not trivial. 
Nevertheless, while adsorbed fructose alters the bound water content/structure, fructose in water 
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lowers the onset of the melting temperature. Heats of fusion and fractions of free and bound 
water contents for suspensions with varying concentration of fructose for 20 vol% alumina 
suspensions are listed in Table III. 
  
Figure 9: DSC curves for aqueous alumina suspensions with fructose addition (corrected for total 
water content). ‘20AlxxF’ stands for xx weight percent of fructose with respect to the 20 
vol% alumina. 
Table 3: DSC results for aqueous nano alumina suspensions with fructose addition. 
 
FW 
(% Area) 
(±10%) 
BW 
(% Area) 
(±10%) 
ΔHf,FW 
(J/g) 
(±10%) 
WFW 
(±0.02) 
ΔHf,BW 
(J/g) 
(±10%) 
WBW 
(±0.02) 
20Al00F 22 78 311 0.72 229 0.28 
20Al02F 21 79 286 0.78 273 0.22 
20Al04F 19 81 281 0.81 272 0.19 
20Al06F 16 84 260 0.84 263 0.16 
20Al08F 13 87 240 0.89 276 0.11 
20Al10F 11 89 234 0.90 262 0.10 
 ∆Hf and W represent heat of fusion and weight fraction, respectively. FW and BW stand for free 
and bound water. 
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Figure 10: Change in bound water fraction with fructose concentration of 20 vol% alumina 
nanopowder suspensions.  
Both free and bound water melting peaks exhibit asymmetry similar to the ones observed in 
the fructose–water system. As the concentration of fructose increases, onset of the free and 
bound water melting shifts to lower temperatures. That is most probably due to the presence of 
fructose in each phase. The heat of fusion values listed in Table II were used to calculate the heat 
of fusion and amount of free water. Heat of fusion values for the bound water melting events 
remain more or less constant for the whole concentration range studied. As the alumina content 
(and the available interfacial area) remains constant, the decrease in fraction of the bound water 
with the fructose addition (Fig. 10) supports the statement made by Li and Akinc15,16 that  
fructose displaces water from the alumina surface. 
The change in viscosity of the alumina suspensions for different fructose concentrations and 
the associated power law parameters are given in Figs. 11(a) and (b), respectively. As the 
concentration of fructose increases, viscosity of the suspensions decreases and flow becomes less 
shear thinning.  
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Figure 11: (a) Viscosity of the suspensions, and (b) change in power law parameters, consistency 
coefficient, K (▲), rate index, 1 – n (■), with fructose concentration for 20 vol% alumina 
nanopowder suspensions. 
 
A comparison of the viscosity and LT-DSC results indicates that the decrease in bound 
water fraction with the addition of fructose leads to lower suspension viscosity. These results 
also imply that Low Temperature Differential Scanning Calorimetry (LT-DSC) may predict, at 
least semiquantitatively, variation in viscosity with processing additives. The possible role 
fructose plays in reducing the viscosity of nano alumina suspension is discussed below. 
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Electrostatic Effect of Fructose on Interparticle Interactions 
The profound effect of potential determining ions (i.e., pH) and indifferent ions on the 
stability of colloids and the rheological behavior of suspensions is well-established. Fructose has 
a very low acid dissociation constant (pKa ≈ 12.2)33. For 20 vol% alumina suspension with an 
initial pH of 5.7, even with the highest fructose content (10 wt%), the reduction in pH from 
fructose dissociation would be negligible (pH = 5.69). However, as illustrated in Fig. 12, the pH 
of alumina suspensions decreased substantially to pH ≈ 5.1 at higher fructose concentrations. 
Obviously, alumina plays an active role in dissociation of fructose. However, neither the change 
in pH nor in ion concentration of the suspension results in significant change in zeta potential of 
the nano alumina particles (Fig. 13). In the pH regime studied (5.0 ≤ pH ≤ 5.7), the ξ potential 
remains relatively constant at 50 mV for various fructose concentrations. In addition, as shown in 
Fig. 13, fructose does not lead to any shift in the isoelectric point of the nano alumina particles. 
A similar observation was reported by Falkowski et al14 It is also worth noting that the change in 
pH is another proof of the interaction of the fructose with the alumina surface. 
  
Figure 12: Change in pH of the 20 vol% alumina nanopowder suspensions with fructose 
concentration.  
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Figure 13: Zeta potential measurements of alumina suspensions with different fructose 
concentrations as a function of pH.  
Steric Effect of Fructose on Interparticle Interactions 
The adsorption of fructose on alumina surface has been studied by several groups13,15. It is 
shown that maximum adsorption of the fructose on alumina surface is limited submonolayer 
coverage. Therefore, even if the monolayer coverage is assumed, the thickness of the adsorbed 
layer will be restricted with the size of the fructose molecule which is about 0.5 nm. When the 
long range effects of van der Waals forces are considered4, it is unlikely that the steric 
stabilization mechanism can explain the viscosity reduction brought about by fructose addition. 
 
Figure 14: Effect of fructose concentration on calculated effective solids content. 
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Fructose and Effective Solids Content 
As discussed in previous sections, a large surface area of the nanoparticles leads to an 
increase in effective solids content, therefore increasing the viscosity of the suspensions. By 
assuming that bound water is not available as a vehicle, the effective solids content was 
calculated from the values in Table III and plotted in Fig. 14. As the bound water is calculated 
indirectly, the trend in Fig. 14 should be considered semiqualitative. However, it is clear that any 
change in effective solids content is significant for the viscosity of the nanoparticle suspensions. 
The addition of fructose to alumina suspensions modifies the bound water content which leads to 
reduction in effective solids content, and therefore the viscosity of suspensions. These results 
show that, it is not only the interparticle forces (electrostatic and steric effects) but also 
surface/solvent interactions that are important in controlling the rheological behavior of the 
nanoparticle suspensions. 
Conclusions 
Low temperature differential scanning calorimetry is a useful technique for understanding 
the rheological behavior of nanoparticle suspensions. Variation in bound water content as a 
function of solids content and fructose addition was studied using LT-DSC and rheometry. 
Appearance of a “bound water” peak with introduction of both, micro- and nano-sized alumina 
particles was observed. It is plausible that bound water represents the hydration layer around the 
alumina particles. Effective solids contents were estimated by use of the bound water fractions 
obtained from the DSC plots. Significant increase in effective solids content due to bound water 
is believed to be responsible for the high viscosity of nanoparticle suspensions. Zeta potential 
measurements at several fructose concentrations indicate that the electrostatic stabilization does 
not play a critical role in the reduction in viscosity by fructose addition. Rather, reduction in the 
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effective solids content by modification of the bound water is the primary reason for the 
reduction in the viscosity by fructose addition. 
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Abstract 
Electrostatic stabilization has an impact on a broad range of applications. Previous research 
has shown that concentrated alumina nanopowder suspensions can be stabilized at specific 
ranges of ionic strength and pH. This study investigated the stability of alumina nanopowder 
suspensions in terms of viscosity measurements as a function of indifferent electrolyte 
concentration and suspension pH. Using alumina nanopowders with an average particle size of 
about 50 nm, stable suspensions were obtained with 0.020 ≤ [NaCl] ≤ 0.040 M or in the range 4 
≤ pH ≤ 7. The observed suspension stability was investigated by zeta potential measurements 
and explained with the DLVO theory. The effective volume fraction of solids brought about by 
bound water (or swelling), surface charge, and the compression of the electrical double layer 
were three plausible control mechanisms for the rheological behavior and electrostatic 
stabilization of alumina nanopowder suspensions with high solids content.  
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Graphical Abstract 
The difference in electrostatic stability of concentrated nanopowder suspensions than dilute 
or micron sized suspensions was related to the presence of bound water around the powder 
surface and changes in zeta potential values of powder.  
 
Introduction 
The colloidal stability of oxide nanopowder suspensions is crucial for a variety of 
applications, including nanofluids1-5, waste water treatment6, advanced ceramics7;8, and others. It 
is also relevant with regard to environmental and toxicological9-13  concerns emerging with the 
wide use of nanopowders in industry.  
The stability of a suspension and its rheological behavior are closely related. In general, 
lower suspension viscosities indicate more stable suspensions. By understanding the interaction 
forces among the particles in a liquid medium, the stability of a suspension, and thus its 
rheological behavior, can be manipulated. Interparticle interactions can be predicted by the well-
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known DLVO (Derjaguin-Landau-Verwey-Overbeek) theory, which combines the net 
interaction of the main attractive (van der Waals) and repulsive (electrostatic) forces.  
The major stabilization mechanisms can be categorized in three different groups: (i) steric, 
(ii) electrostatic, and (iii) electrosteric stabilization. The electrostatic behavior of the powders is 
of particular importance for several reasons: (i) powders exhibit charged surfaces in aqueous 
environments that need to be controlled in order to stabilize the particles; (ii) it is very difficult to 
obtain completely pure oxide powders, especially nanopowders because of large surface area. 
Compared to micron-size suspensions with similar solids content, nanopowder suspensions 
have a higher surface area and smaller separation distance between particles. Therefore inter-
particle interactions gain increased significance, bringing more complexities to the calculations 
and predictions, and the influence of electrolyte concentration becomes particularly important.  
The effects of charged particles on the stability of oxide nanopowder systems have been 
studied by several groups. However, in these studies, the charged particles either show a steric 
effect in addition to their electrostatic contribution14, or the behavior of the stabilizers (adsorbed 
species on oxide surface) is affected by the suspension pH or the concentration of indifferent 
electrolytes9;13;15. Only few groups reported on the effect of ions alone on the viscosity of 
aqueous oxide nanopowder suspensions that may reveal the fundamentals of electrostatic 
stabilization16-20. These studies either focused on dilute suspensions18;20 or indicated that 
coulombic interactions alone did not improve the stability of the nanopowder suspensions16;17;19. 
Lu19 calculated the net interaction between alumina particles with a diameter of 55 nm and a 
zeta potential of 43 mV (or lower) using DLVO theory and concluded that for nanopowder 
systems, van der Waals interactions dominated electrostatic interactions, which resulted in 
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flocculation. Jailaini et al.17 reported that a decrease in particle size and an increase in solids 
content resulted in a reduction of the zeta potential. Because in these systems electrostatic 
stabilization would not be successful, they suggested imposing steric repulsion in order to 
stabilize nanopowder suspensions. Recently, a study by Iijima and Kamiya16, who used DLVO 
calculations, showed that the resulting potential barrier in nanopowder systems would be too 
small to obtain kinetically stable suspensions. According to their calculations, a system with an 
average particle size of 30 nm requires an unreasonably high surface potential (approx. 177 mV) 
to create a sufficiently high potential barrier, which is difficult to obtain using additives. All of 
these studies indicate that nanopowder suspensions cannot be stabilized electrostatically. 
However, it should be noted that they base their predictions either on theories applicable to 
micron-sized particles or on indirect measurements. 
On the other hand, anomalous stability of oxide powders at high ionic strength that cannot 
be directly explained by DLVO theory has also been reported, even though the origin of the 
behavior is still controversial21;22. Secondary hydration forces associated with hydrated 
counterions adsorbed on the particle surface23-27 and the formation of a rigid solvent layer around 
the powder particles and the associated repulsive forces effective at small interparticle 
separations (< 5 nm) 28-30 are some of the mechanisms proposed to explain this phenomenon. For 
alumina suspensions, anomalous stability is observed for ionic concentrations higher than 0.1 
M23.  
Our experiments with alumina nanopowder revealed an unexpected level of stability of the 
concentrated suspensions at very low ionic strengths, contrary to the predictions of the DLVO 
theory mentioned above. The present study aims to investigate the effects of both indifferent and 
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potential determining ions on the viscosity of concentrated alumina nanopowder suspensions to 
explain the observed unexpected stability.  
Experimental 
Materials 
Two different batches of alumina nanopowders (AAGL 1201 and AAGL 1203) with similar 
characteristics were used in this study. The powders had a phase distribution of γ/δ ≈ 70:30, a 
specific surface area is approx.  36 m2/g (38.8 and 36 m2/g for AAGL 1201 and AAGL 1203 
respectively), purity ≥ 99.5%, and a density of 3.67 g/cm3 and were purchased from Nanophase 
Technology Corporation (Burr Ridge, IL).  Transmission electron micrographs of as received 
powders are shown in Figure 1. The powders had an average particle size of 45 nm according to 
the measured BET surface area. The size distribution of the particles was determined by 
measuring the diameters of approximately 900 particles from TEM images. Almost 99 % of 
particles were between 10 and 100 nm. Average particle sizes from TEM images were 
calculated as 30 and 28 nm with standard deviations of 21 and 20 nm for batches of AAGL 
1201 and AAGL 1203, respectively. The zeta potential values measured over a range of pH 
values at a constant ion concentration of 0.01M NaCl were similar and the  IEP of the two 
batches was the same within an experimental error range of ± 0.1 (pH = 9.5 ± 0.1). 
Although the powders from different batches had similar properties, the batch-to-batch 
variation in viscosity was significant.  
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Figure 1: TEM micrographs of alumina nanopowders: Batch # AAGL 1203 (a), and AAGL 1201 
(b). 
Ultrapure water (Milli-Q Gradient A-10 model, Millipore Company, Billerica, MA) with a 
resistivity of 18.2 MOhm·cm and TOC < 3 ppm was used. ACS certified NaCl, NaOH, and 
KNO3 and concentrated HCl were purchased from Fisher Scientific (Fair Lawn, NJ).  
Sample Preparation  
For suspension preparation, alumina nanopowders were first dried at 110 ᵒC for 2 hours to 
eliminate any moisture adsorbed on the powder surface. Solids content of the suspensions were 
calculated as volume percent of powder in the suspension. For instance, for 10 ml suspension 
with a solids content of 0.20, 7.34 g of alumina powder (2 ml× 3.67 g/cm3) were added to 8 g of 
water. For weighing, an electronic analytical balance with readability of 0.1 mg was used. The 
measurements were within an error margin of 1 – 2 %. Suspensions were shaken with a heavy 
duty shaker for 24 hours to achieve physical and chemical equilibrium before testing.  
For the ionic strength experiments, the required amount of NaCl powder was weighed, 
added to the suspensions, and shaken for 2 additional hours prior to testing.  
For the pH study, the total ionic strength was kept constant at 0.05 M. For pH adjustment at 
constant ionic strength, 1.0 M stock solutions of acid, base and salt were used. To keep the solids 
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content constant subsequent to acid/base addition, the required amount of acid or base was 
calculated and the amount of water needed for the suspension was reduced appropriately. For 
example, for a total volume of 10 ml suspension with a solids content of 0.20, 7.34 g of alumina 
was mixed with 7.6 ml of water rather than 8.0 ml. After 24 hours of shaking, the required 
volume of acid or base solution was added, then the total addition of 0.4 ml was completed by 
adding salt solution. Here, for a 0.025M NaOH sample, 0.2 ml NaOH solution and 0.2 ml NaCl 
solution (the chemical composition of each sample is listed in the legends of the related figures) 
were added.  At the end, alumina suspensions with a solids content of 0.20 and ionic strength of 
0.05 M with varying pH values were obtained. Analogous to salt additions, the suspensions were 
shaken for 2 more hours after adding acid or base and rheological tests as well as pH 
measurements were conducted. 
Rheological Measurements  
A rheometer (TA Instruments, model AR 2000ex, New Castle, DE) with cone and plate 
geometry (steel cone and plate having 4ᵒ cone angle and 40 mm diameter) was used for viscosity 
measurements.  The limit of minimum torque for the rheometer was 0.05 μN·m. To prevent 
evaporation of water, a solvent trap was used. The temperature was kept constant at 25 ᵒC by 
using a Peltier plate with a precision of ± 0.1 ᵒC. Ten viscosity measurements were recorded per 
half loop of two consecutive complete loops over a shear rate range of 0.5 – 500 s-1. The shear 
rate was ramped up in the first half, and ramped down in the second half of one complete loop.  
The measurements were mostly reproducible after the first loop and the data points 
corresponding to the final half of the second loop were used for data analysis.  
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Zeta Potential Measurements  
Zeta potential was measured by Laser Doppler Electrophoresis using a Zetasizer (Nano 
ZS90, Malvern Instruments, Worcestershire, UK) instrument. Alumina suspensions prepared for 
the rheological measurements were diluted to approximately 200 ppm particles by deionized 
water. NaCl was added to adjust the ionic strength and the solutions were shaken for 12 h before 
measurements. The pH of the suspensions was varied between 3 and 11 by adding 0.01 M of 
HCl or 0.1 M of NaOH. The measurements were conducted after 2 – 5 min of acid/base addition 
and at 25 °C. The solution pH was measured before and after the electrophoretic measurements, 
and the average pH was assigned for the zeta potential measured. The pH values were accurate to 
± 0.01. The Smoluchowski equation was used for the zeta potential calculations. Conductivity 
measurements were done concurrently with zeta potential measurements by the same instrument. 
Differential Scanning Calorimetric Measurements 
The use of low temperature differential scanning calorimetry, LT-DSC, for the 
determination of the bound water content and its influence on effective volume content was 
previously reported in detail31. For these tests, a DSC (Model Q20; TA Instruments, New Castle, 
DE) with an RCS 40 cooling unit was used. To prevent the evaporation of water during the 
analysis, hermetically sealed aluminum pans were employed. The samples were cooled down to -
25 ᵒC, held at that temperature for 1 min, and then heated to 10 ᵒC at a rate of 1 ᵒC/min. 
Results and Discussion 
Comparison of Powders 
In the present study, powders from two different batches were used. Because of slight 
variations in viscosity observed for the two batches, these powders were characterized in detail. 
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Figure 2 shows the suspension viscosity differences between two batches with NaCl 
concentration.  
The viscosity values for batch AAGL 1203 were slightly higher than those measured for 
batch AAGL 1201. Basic characterization of the powders showed similar properties (phase 
distribution, BET surface area, average particle size, size distribution, shape, and zeta potential) 
as presented in the experimental part. Comprehensive characterization of the powders showed 
only two differences between the particles: initial suspension pH and trace levels of impurity.  
Powders were treated at 500 ᵒC for 2 hours to remove organic impurities and the Fourier 
transform infrared (FTIR) spectra of the powders were compared with those of as received 
powders. No significant differences were noted that could explain the slightly different 
suspension viscosities of as-received powders. 
 
Figure 2: Comparison of viscosity variation of the two batches of powders with NaCl 
concentration. (Φ = 0.20, and shear rate of 10 s-1 ) 
The chemical analysis provided by the supplier showed that the powders had total impurity 
less than 0.5 %. X-Ray photoelectron spectroscopy (XPS) and inductively coupled plasma mass 
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spectroscopy (ICP-MS) showed the presence of different trace amounts of chlorine; however, the 
concentration of chloride was too small to quantify accurately with the aforementioned 
techniques.  
Mikkola et al.32 studied the effect of impurities on dispersion properties of submicron size α-
alumina powders. They reported that while trace amounts of impurities did not result in a shift in 
the isoelectric point of dilute suspensions, they led to a substantial shift in concentrated 
suspensions. Therefore, even though the isoelectric points obtained for the powders in dilute 
solutions were similar to those in our experiments, impurities on the surface of particles may 
affect the initial pH and zeta potential of the suspensions, leading to changes in the dispersion 
state of the suspensions.  
The initial pH values of the suspensions with φ = 0.20 were 5.3 and 5.7 for batches AAGL 
1203 and AAGL 1201, respectively. For suspensions of powders from the same batch, the 
suspension pH increased as solids content was increased (For AAGL 1201, suspensions pH 
increased from 4.8 to 6.3 as the solids contents increased from 0.05 to 0.40). Similar low initial 
suspension pH of alumina nanopowders was also reported by Witharana and coworkers4 (pH = 
4.7 for φ = 0.005).  
 The pH values we measured were in the acidic range rather than being close to the expected 
basic IEP of alumina powders. Although some studies in literature state that impurities may 
cause the initial suspension pH to be much lower than the IEP, we do not have any satisfactory 
explanation for this phenomenon. According to their claim, the presence of chloride ions in 
suspensions hinders the propagation of alumina hydrolysis, bonded chlorine atoms release the 
acidic species to the solution which results in an acidic pH33;34. Several groups reported on 
dissolved aluminum species and their interactions with chloride ions23;25;27.  
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Since the significant change in viscosity of the suspension was observed at low salt 
concentrations, as shown in Figure 2, the differences in suspension viscosities for different 
batches of powders may be attributed to slightly different chloride impurity levels in the 
powders.  
Ionic Strength 
The effect of ionic strength on the rheological behavior of micron-sized alumina suspensions 
was extensively studied and it was experimentally shown that an increase in indifferent ion 
concentration results in higher suspension viscosities and yield stresses as might be inferred from 
the DLVO theory predictions17-19. Of these studies, only Zhou et al.35 reported that the 
suspension viscosity decreased first, and then increased with increasing electrolyte concentration. 
Results were credited, without any further analysis or discussion, to the competition of two 
effects of the double layer compression: (i) decrease in effective solids concentration; (ii) the 
reduction of the range and magnitude of the electrostatic repulsion. 
 
Figure 3: Viscosity of suspensions with Φ = 0.20 alumina nanopowder as a function of shear rate 
and NaCl concentration. (Batch #: AAGL 1203) 
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The influence of indifferent electrolyte (i.e., NaCl) addition on the alumina nanopowder 
suspension viscosity was studied. Figure 3 shows the change in viscosity at several NaCl 
concentrations as a function of shear rate. The viscosity of the suspensions decreased with NaCl 
concentration up to 0.025 M and then increased at higher concentrations, contrary to other 
reports but similar to what Zhou et al.35 reported on submicron alumina suspensions. A 
discussion of these observations and relevant DLVO predictions is presented in the next section.  
Solids Content 
The solids content plays a profound role in concentrated suspensions because of the strong 
inter-particle interactions and the overlap of double layers. Figure 4 shows the viscosity values of 
suspensions for several solids contents at a constant shear rate of 10 s-1 with varying salt 
concentrations. Suspensions show similar viscosity trends. However, the effect of electrolytes is 
almost negligible at relatively low solids content (φ = 0.15). That explains why the reduction in 
viscosity at low concentrations of NaCl has not been widely reported, as most of these studies 
focused on dilute suspensions. 
 
Figure 4: Viscosity of alumina nanopowder suspensions with different solids content as a function 
of NaCl concentration at a constant shear rate of 10 s-1. (Batch #: AAGL 1203) 
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The decrease in viscosity at low NaCl concentrations can be explained with the compression 
of the double layer thickness, which lowers the effective volume fraction of particles. 
Compression of the double layer with electrolyte concentration is discussed in the subsequent 
section.  
Because nanopowders have a higher specific surface area than micron-sized particles, the 
change in double layer thickness has an amplifying effect on the effective volume fraction of 
particles. This effect becomes even more significant as solids content increased, as seen in Figure 
4.  
At higher electrolyte concentrations, the powders tended to flocculate due to the screening 
of the surface charges. The combination of flocs and the increase in effective volume fraction 
caused by the occluded volume of water within the flocs resulted in higher viscosities. Critical 
coagulation concentrations of boehmite particles were reported as 0.05 M for NaCl at neutral 
pH25.  
At higher ion concentrations than the critical coagulation concentrations (> 0.1 M NaCl), 
anomalous stability of alumina particles was reported23;27. The non-DLVO behavior, stable 
suspensions even at the IEP, was explained by the solvation layer formed around the particles by 
adsorption of polymeric aluminum cations.  In the present study, we focused on the stability of 
particles at much lower ion concentrations. The results show the importance of ionic strength on 
the stability of nanopowder suspensions, especially for concentrated systems. To gain better 
control of the viscosity of suspensions it is important to explain the origin of this behavior. 
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Zeta Potential  
The zeta potential of powders is expected to decrease with increasing indifferent electrolyte 
concentration36. Figure 5a shows zeta potential measurements for alumina nanopowders as a 
function of pH at several ionic strengths. Unexpectedly, the zeta potential showed an increase in 
a narrow range of NaCl concentrations. More specifically, the zeta potential values for 0.025 M 
< [NaCl] < 0.05 M were higher from approx. pH = 3 all the way to the IEP, pH ≈ 9-9.5.  
Another interesting observation was that the difference in zeta potential diminished as pH 
approached IEP, another indication that NaCl acted as an indifferent electrolyte. Concurrent 
measurements of conductivities showed linearity with the concentration of electrolytes (Figure 
5b), proving the presence and mobility of Na+ and Cl- in the solution. Zeta potential 
measurements reported by Jailani et al.17 were made at concentration higher than 0.05 M and are 
comparable with our measurements in this range. If it is assumed that at a particle concentration 
of 200 ppm the suspension is dilute enough to neglect any interactions between particles, the 
origin of the zeta potential changes should stem from charging mechanisms of the particles, such 
as dissolution kinetics or adsorption of ions on the surface. Since Na+ and Cl- do not specifically 
adsorb on the alumina surface, it is probable that the presence of these ions changed either the 
dissolution kinetics of the particles or the hydrolysis of the aluminum species in the solution.  
It is worthwhile to note that any change in surface composition will lead to significant 
changes in the properties of the nanopowder suspensions.  The effect of zeta potential on the 
colloidal stability of suspensions is discussed in the next section.  
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Figure 5: Zeta potential (a) and conductivity (b) measurements of alumina nanopowder suspensions 
for varying NaCl concentrations as a function of pH. (Batch #: AAGL 1201, and solids 
content: 200 ppm) 
Application of the DLVO Theory 
DLVO theory is widely used to predict the stability of colloidal suspensions. The theory is 
based on adding attractive van der Waals forces and repulsive coulombic forces to obtain net 
inter-particle interaction energy. If the net interaction energy barrier between the two 
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approaching particles is higher than the kinetic energy caused by Brownian motion, the particles 
do not flocculate.  
For the concentrated suspensions in this study, the models proposed by Gregory37 and by 
Hogg, Healy, and Fuerstenau (HHF)38 were used to represent the van der Waals (vdW) and 
repulsive electrostatic interactions, respectively.  Equations and their validity are discussed 
elsewhere39.  
In its simplest interpretation, three conclusions can be drawn from the DLVO theory: (i) the 
larger the Hamaker constant is, the larger the attraction between particles, (ii) higher surface 
potentials result in larger repulsive forces; (iii) the higher the electrolyte concentration is, the 
smaller the distance from the surface at which repulsive forces are effective.  
Figure 6 shows the change in total interaction potential of particles with a diameter of 50 nm 
and a zeta potential of 50 mV at 25 °C with varying monovalent salt concentration. The Hamaker 
constant was taken as 3.67 × 10-20 J as reported by Bergstrom40.  
 
Figure 6: DLVO plots of particles with a diameter of 50 nm and zeta potential of 50 mV at various 
monovalent salt concentrations. 
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As expected, increasing ion concentration decreased the double layer thickness and reduced 
the effectiveness of electrical repulsive forces. Two significant features in Figure 6 are the height 
of the potential barrier, which predicts whether the particles flocculate or not, and the distance at 
which the net interaction energy is higher than thermal fluctuation caused by Brownian motion. 
This distance is considered the closest particle approach, essentially corresponding to the 
effective volume fraction brought about by the repulsive forces. Therefore, a large Debye length, 
κ-1, with a correspondingly high repulsive force predicts that the system is well dispersed, and 
does not necessarily correspond to optimum condition for flow and compaction of highly loaded 
particle assemblies. The larger the distance, the higher the expected viscosity of the concentrated 
particle suspension. The energy barrier required to prevent flocculation can be calculated22;39 and 
for 50 nm particles, this barrier was estimated to be approx. 20 – 30 kT. However, for 
concentrated nanoparticle suspensions, this value should be considered qualitative for reasons 
discussed later. Thus, suspensions with electrolyte concentrations of 0.005 M or lower were 
expected to be stable. Yet, from a rheological perspective (as well as in effective particle 
compaction), the electrolyte concentration that allows the closest approach without flocculation 
represents the optimum condition. This condition is not fulfilled at any salt concentration for the 
nanopowder suspensions in Figure 6. 
Generally, the surface potential of powders is assumed to be constant for varying 
concentrations of indifferent electrolytes. In studies by Iijima and Kamiya16, and Lu19 as well as 
in the calculation for Figure 6, the same assumption was made. As discussed earlier, this 
approach does not explain the experimental viscosity observations in Figure 4. However, when 
the measured zeta potential values listed in Table 1 were used in the DLVO calculations (Figure 
7), the observed rheological behavior of the suspensions could be explained. At very low 
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concentrations (0.005 - 0.010 M), repulsive potentials overlap at large distances (soft sphere 
model), leading to large effective volume fractions. As the electrolyte concentration increased 
(i.e., 0.025 – 0.040 M), the closest particle approach, hence the effective volume fraction, 
decreased. In addition, the repulsive interactions between particles increased because of the 
increase in surface potential (as measured zeta potential indicated), leading to a higher potential 
barrier against flocculation. A further increase in electrolyte concentration (0.050 - 0.1 M) 
resulted in screening of the double layer and flocculation ensued. It can be concluded that the 
optimum range of ion concentration for the powder suspensions of interest ranged between 0.020 
and 0.040 M, which was in agreement with the experimental observations in Figure 4. 
Table 1: Suspension pH, corresponding zeta potential values, and isoelectric points of 
alumina nanopowders as a function of salt concentration.  
[NaCl] 
(M) 
pH 
at Φ = 0.20 
ζ 
(mV) 
IEP 
pH 
0 5.7 47 9.2 
0.005 6.2 50 9.5 
0.010 6.0 48 9.5 
0.020 6.4 54 9.6 
0.025 6.3 60 9.3 
0.035 6.5 73 9.6 
0.040 6.5 98 9.1 
0.050 6.7 40 9.5 
0.100 6.8 37 9.7 
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Figure 7: DLVO plots of alumina nanopowder suspensions for varying NaCl concentrations using 
experimental zeta potential values. 
The results presented in Figures 6 and 7 should be considered qualitative. First, the HHF 
equation employs an approximate linear solution of the Poisson-Boltzmann equation rather than 
the exact nonlinear solution, which results in deviations at particle separations smaller than κ-1. 
Secondly, the suspensions of interest are both concentrated and consist of nanopowders, which 
leads to a high degree of interfacial layer overlap. Van der Waals theory, for example, assumes 
the continuum within the system, which is only true for gaseous systems. Concentrated 
suspensions of nanopowders do not approximate gaseous systems, as they include a significant 
amount of interactions between particles. Therefore, the properties of the solvent may deviate 
from the bulk properties and may not be constant throughout the suspension. Moreover, a 
decrease of the dielectric constant of the medium caused by the presence of ions and their 
solvation was reported41;42. Carrique et al. 41 calculated the dielectric constant changes for 
concentrated suspensions and showed a decrease in dielectric constant even for particles with 
high zeta potentials. This decrease will result in a smaller Hamaker constant, leading to lower 
attraction energies and lower electrostatic repulsions between particles. Additionally, it was 
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shown that the zeta potential values were lower in concentrated suspensions than in dilute 
suspensions17;43-45, resulting in lower repulsion between particles. Finally, two different Hamaker 
constant values are available in the literature and have been widely accepted for alumina (but 
none for or particles in water: 3.67 × 10-20 J by Bergstrom40 and 5.7 × 10-20 J by French46, 
each resulting in different attraction energies. As for the Hamaker constant, it is also expected 
that the surface properties will be slightly different for particles consisting of  and alumina 
phases.  
 Influence of Suspension pH 
As we reported previously31;48;49, there is a bound water layer around the particles that can 
be observed using LT-DSC and that may be used to understand the viscosity of concentrated 
nanopowder suspensions. Figure 9 shows the LT-DSC plots of the suspensions whose viscosities 
were provided in Figure 8. The similarity of the behaviors is noticeable. 
Bound water melts at lower temperatures than bulk water31;48, as seen in Figure 9a. Because 
the bound water layer moves with the particles, it cannot serve as a solvent. Therefore, the bound 
water should be considered as part of the solids and taken into account in the estimation of 
effective solids content. By deconvoluting the curves, the amount of bound water can be 
estimated31 and Figure 9b shows the estimated bound water fractions. In calculations, we used 
the heat of fusion of pure water for the free water melting event, which is reasonable if only 
alumina nanopowder and water are present in the system31. The presence of additives may 
change the melting behavior of water. The presence of ions, for example, resulted in a depression 
of the freezing point as well as in a reduction in heat of fusion values. Even though the ionic 
strength of the suspensions was kept constant, the interaction of ions with the powder surface or 
with complex species formed by dissolved aluminum ions might have changed the properties of 
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the water. In fact, in Figure 9, the bound water was unaffected by the addition of NaCl, as 
expected for an indifferent electrolyte. However, the free water curve shifted to lower 
temperatures, as expected for a freezing point depression. As HCl and NaOH were added, the 
behavior of the bound water curves changed, indicating specific interactions of H+ and OH- with 
the alumina surface.   
 
Figure 8: Effect of suspension pH on the viscosity of alumina nanopowder suspensions at constant 
ionic strength of 0.05 M. (Batch #: AAGL 1201, shear rate: 10 s-1). Run 1, 2 and 3 represent 
measurements of different suspensions.  
The large surface area of the nanopowders amplified the influence of the bound layer on the 
effective volume fraction. According to Figure 9, H+ compressed the bound layer around the 
particles by releasing a fraction of the water, hence decreasing the effective solids volume 
fraction. On the other hand, addition of OH- increased the bound layer thickness, increasing the 
effective volume fraction and viscosity of the suspensions. The bound water fractions estimated 
for the suspensions with pH values higher than 9.0 involved a high error margin caused by the 
deconvolution of highly overlapping peaks.  
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Our investigation suggests that the presence of a large bound water layer at high suspension 
pH for concentrated suspensions hindered the building of a repulsive barrier because of short 
interparticle separation distances. However, in dilute suspensions, the repulsive barrier may 
develop at high pH values because of large particle-particle separation.  
The thickness of the bound layer was measured to be approx. 2 - 3 nm for various systems50-
54. Karaman et al. 53 claimed that a gel layer forms around α-alumina particles. Colloidal probe 
atomic force microscopy showed that the thickness of the gel layer at IEP was approx. 15 nm, 
whereas at low pH it was approx. 3-5 nm, supporting our argument regarding bound layer and 
effective volume fraction.  Hirata et al. 55 reported that by consolidating alumina compact, higher 
packing densities were obtained in an acidic medium compared to basic conditions.  
In summary, potential determining ions, such as H+ and OH-, not only alter the electrostatic 
repulsion, but also the thickness of the bound layer, thus the effective volume fraction. The 
profound influence of the bound layer on concentrated suspensions led to suspension behavior 
that was quite different than that observed in dilute suspensions. Therefore, extreme care needs 
to be exercised in extrapolating experimental observations from dilute suspensions to 
concentrated ones. Likewise, the behavior of nanopowder suspensions is significantly different 
from that of large particle assemblies, hence one should be extremely cautious in extending the 
findings for micron-sized particle suspensions to that of nano-sized particles. 
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Figure 9: LT-DSC curves for alumina suspensions of Φ = 0.20 as a function of pH. (The heat flow 
values were expressed per gram of water for each sample. Legend: pH ([HCl], [NaCl], 
[NaOH] in mM))(a); Change in bound water fraction with respect to pH of the suspensions 
obtained by deconvolution of the LT-DSC curves. Run 1, 2 and 3 represent measurements of 
different suspensions (b). 
Conclusions 
Electrostatic stabilization of alumina nanopowder suspensions in the presence of potential 
determining ions (H+ and OH-) and indifferent electrolytes (NaCl) was studied.  
Application of the DLVO theory to nanoparticle assemblies predicts that small changes in 
electrolyte concentrations result in significant changes in double layer thickness, hence in the 
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separation distance at which the DLVO forces are effective. That leads to a significant reduction 
in viscosity of concentrated alumina nanopowder suspensions (φ ≥ 0.20) at low salt 
concentrations (i.e., [NaCl] < 0.020 M). At higher salt concentrations ([NaCl] ≥ 0.040 M), higher 
viscosities were observed, presumably caused by screening of repulsive forces and compression 
of the double layer. However, at intermediate electrolyte concentrations (0.020 ≤ [NaCl] ≤ 0.040 
M), higher zeta potentials resulting in low viscosities were observed. Suspension stability could 
be predicted by DLVO theory modified by Gregory, and Hogg, Healy, Fuerstenau (HHF) 
models; measured zeta potential values were also employed.  
When potential determining ions were used, stable suspensions with low viscosities were 
obtained for φ = 0.20 in the 4 ≤ pH ≤ 7 range. At pH values higher than the isoelectric point, 
(i.e., pH ≥ 9.5), suspensions could not be stabilized by NaOH addition because of the low 
electrostatic repulsion and increased bound layer thickness.  
LT-DSC showed that while the bound water peak remained unaffected by indifferent 
electrolytes, it increased with H+ and decreased with OH-. Thus, the potential determining ions 
not only tuned the electrostatic interactions, but also influenced the effective volume fraction by 
modifying the bound layer.  
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CHAPTER IV. COMBINED EFECT OF FRUCTOSE AND NaCl ON THE 
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Abstract 
Lower viscosities are required for many ceramic processing operations. Use of nanopowder 
slurries are challenging as they exhibit high viscosities. Low molecular weight saccharides were 
used to decrease the suspension viscosities of alumina nanopowder suspensions. It was also 
recently reported that suspensions with very low ionic strengths exhibit lower viscosities as they 
create high repulsive barrier in this range. In the present study, the effect of combination of these 
two additives on the viscosity is reported. Low temperature differential scanning calorimetry and 
in situ ATR-FTIR results showed that two additives act independently. Additionally, solids 
content term in the Krieger – Dougherty equation was modified by incorporating bound water 
layer and intrinsic viscosities of alumina nanopowder suspensions in the presence of additives 
were estimated from modified relation. Modified expression yields lower intrinsic viscosities 
because of the denser packing of more deformable agglomerates with the incorporation of bound 
water layer. The intrinsic viscosity of suspensions at the shear rate of 500 s-1 was decreased from 
8.7 to 5.2 in the presence of combined additives. Improvement in green body microstructure in 
the presence of NaCl and Fructose was demonstrated with less porous bodies with higher 
structural integrity.  
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Introduction  
Rheological properties of colloidal oxide powder suspensions greatly affect the quality of 
final product [1-6]. Stable suspensions of homogeneously dispersed powders yield lower 
viscosities than agglomerated ones. However, it is rather difficult to obtain lower viscosities 
when nanopowders were used. Nanopowders tend to agglomerate due to their high surface area 
and the small separation distances between particles in concentrated systems [1, 3, 7]. Thus, 
understanding the interaction between particles in concentrated suspensions is even more 
important. 
Use of low molecular weight saccharides for viscosity reduction of alumina nanopowder 
suspensions was suggested by Schilling et al. [8] a decade ago. Since then, there has been several 
studies reported revealing their mechanism of viscosity reduction [8-13] and applications in 
various fields [10, 14, 15] . 
Schilling et al [8] reported that additions of oligo- or polysaccharides decrease the viscosity 
of micron or sub-micron alumina suspensions; however, when nanopowders are used, the 
viscosity of suspensions increase. Bridging caused by large saccharide molecules was suggested 
as a reason for increase in viscosity. Instead, they used mono- or di-saccharides or sugar 
alcohols. Yar et al [13] studied the addition of polyalcohols which have similar chemical 
structure to low molecular weight saccharides. Polyalcohols have multiple hydroxyl groups on 
their linear or branched backbones, while saccharides have hydroxylated ring structure. They 
concluded that polyalcohols adsorb on the alumina surface and reduce the viscosity. Li and 
Akinc [11, 12] related the effect of fructose to availability of water in suspensions. They reported 
that a fraction of water associated with powder, called “bound water”, which has lower mobility 
than the bulk water. Falkowski et al [10] used a derivative of fructose molecule, 1-O-methyl-D-
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fructose, glucose, 3-O-acrylic-D-glucose, to explain the effect of chemical structure on viscosity 
of alumina suspensions. They showed that substitution of –OCH3 for OH group decreases the 
viscosity of suspensions even further. They supported the mechanism of “bound water” to 
explain their observation by the fact that substituted molecules are relatively less compatible 
with water, so they will release more bound water or associate weakly with bound water leading 
to lower viscosities. We recently reported that bound water is directly related with the powder 
surface area, so although it can be negligible in micron size powder suspensions, its influence on 
nanopowder suspensions is significant [9]. The effect of fructose in viscosity reduction of 
alumina nanopowder suspensions cannot be explained with steric or electrostatic mechanisms 
alone, but its presence modifies the bound water layer, decreases the effective solids content, 
thus the viscosity of suspensions [9].  
While fructose molecules are able to modify the bound water, addition of NaCl does not 
lead to any changes in bound water yet it decreases the viscosity of the suspension [9]. Effect of 
NaCl on the viscosity of alumina nanopowder suspensions has been recently studied by our 
group [16].  We showed that addition of very small amounts of NaCl lead to a substantial 
decrease in viscosity which cannot be explained with bound water phenomena but modification 
of the electrostatic double layer.  
In the current study, we aimed to investigate these two effects concurrently, bound layer 
modification and control of interparticle forces to obtain suspensions with very low viscosities 
while testing our ability to design better systems with our current knowledge. We first reported 
the rheological behavior of suspensions and compare the individual and combined effect of 
additives on viscosity, then carried out experiments using low temperature differential scanning 
calorimetry (LT-DSC) and in situ attenuated total reflectance Fourier transform infrared 
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spectroscopy (ATR-FTIR) to reveal the mechanism of combined effect. Viscosities of 
suspensions were modeled by introducing the effect of bound water content to the solids content 
in the Krieger – Dougherty equation [17, 18]. Physical and chemical properties of the systems 
were discussed in terms of the equation parameters, specifically intrinsic viscosity. Lastly, we 
compared the green body microstructure of slip cast alumina suspensions with and without 
additives.  
Experimental 
Materials 
Alumina nanopowder (Lot number: AAGL 1201) was purchased from Nanophase 
Technology Corporation (Burr Ridge, IL). TEM micrograph of powders is shown in Figure 1. 
The powders with purity of ≥ 99.5% have phase distribution of γ/δ ≈ 70:30, density of 3.67 
g/cm3 and specific (BET) surface area of 38.8 m2/ g. Average particle size of powders were 42 
nm and 30 ± 21 nm as determined by BET surface area and TEM micrographs, respectively. 
More than 99 % of the powders were in the range between 10 nm and 100 nm in diameter.  
 
Figure 1: TEM micrograph of alumina nanopowder. In general particles are spherical with 
considerable size distribution. Sharp boundaries on overlapping particles indicate that 
particles are not agglomerated. 
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D-fructose (99%) and NaCl (ACS certified) were purchased from Alfa Aesar (Lancashire, 
UK) and Fisher Scientific (Fair Lawn, NJ), respectively. Figure 2 shows the chemical structure 
of fructose molecule.  
 
Figure 2: Chemical structure of D-fructose. Fructose has five membered ring with five hydroxyl 
groups. 
Ultrapure water with the resistivity of 18.2 MΩ·cm and total organic content (TOC) < 3ppm 
(Milli-Q Gradient A-10 model, Millipore Company, Billerica, MA) was used for sample 
preparation.  
Suspension Preparation 
For the preparation of suspensions, the alumina content was calculated as the volume 
percentage of the suspension. The fructose addition was calculated as weight percentage of the 
dried alumina powder. The volume of fructose was taken into account in calculating the required 
volume of water to maintain volume percent of solids in suspension accurate. NaCl amount was 
determined as a molarity of solvent (water + fructose) content. Its effect in suspension volume 
was negligible.  
Alumina nanopowder was dried at 110 ˚C for 2 hours prior to preparation of suspension to 
minimize the level of moisture content. Required amount of fructose was mixed with water, then 
alumina powder was added slowly. The suspension was shaken for 24 hours to establish 
equilibrium condition. NaCl was added 2 hours prior to analysis.  
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Viscosity Measurements 
A rheometer (AR 2000ex model, TA Instruments, New Castle, DE) with a cone and plate 
geometry having 4˚ cone angle and 40 mm steel plate was used for viscosity measurements. To 
prevent evaporation of water, a solvent trap was used. The temperature was kept constant at 25 
˚C by use of Peltier plate with a precision of ± 0.1 ˚C. Ten viscosity measurements were 
recorded per half loop of two consecutive complete loops over the shear rate range 0.5 – 500 s-1. 
The shear rate was ramped up in the first half, and ramped down in the second half of the one 
complete loop. When the measurements were reproducible after the first loop, the data points 
corresponding to final half of the second loop was used for analysis.  
Low Temperature Differential Scanning Calorimetry (LT-DSC) 
A differential scanning calorimeter (Model Q20, TA Instruments, New Castle, DE) was used 
for determining the bound water content of the suspensions. Suspensions with similar water 
content (around 5 – 10 mg) were tested in hermetically sealed aluminum pan and lids. The 
samples were cooled down to -25 °C, held there for one minute for equilibrium, then the 
temperature was increased to 10 °C with the heating rate of 1 °C/min.  DSC plots were 
normalized for total water content for comparison of water melting events. 
In situ Attenuated Total Reflection – Fourier Transform Infrared (ATR-FTIR) Spectroscopy 
A Frontier model FTIR spectroscope with a single reflection ATR attachment (Perkin 
Elmer, Waltham, MA) was used. Samples were directly placed on the diamond crystal. For each 
sample, four scans with a spectral resolution of 4 cm-1 were recorded at room temperature. 
Spectrum 10 was used for data processing. Baselines were aligned at 4000 cm-1 for comparing 
spectra.  
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Slip Casting 
Pellets were cast using gypsum plate as base with an acrylic cylindrical cavity (around 2.5 
cm in diameter, 1 cm in height). Alumina nanopowder suspensions with 20 vol% solids were 
used for casting. To account for material loss into the gypsum sink and evaporation of water, 
additional suspension was added as needed. The pellets were dried for 48 hours at room 
temperature and kept in desiccator for analysis. Pellets were fractured for visual and microscopic 
observation.  
Results and Discussion 
Viscosity  
Individual effects of fructose and NaCl on the viscosity of alumina nanopowder suspensions 
were reported before [9-12, 16]. It was shown that while fructose reduces the viscosity by 
replacing the bound water on the surface, NaCl additions modifies the electrostatic double layer 
[9, 16]. Figure 3 and Table 1 show the effect of fructose, NaCl and their combination on the 
suspension viscosity. 4 wt% of fructose addition was chosen as benchmark fructose 
concentration since it is high enough concentration to show the reduction in viscosity. Previous 
work showed that 0.01 M NaCl gives the lowest viscosity for similar alumina nanopowder 
suspensions. The data in Table 1 shows that combination of fructose and NaCl leads to much 
lower viscosities than only fructose or only NaCl additions.  
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Figure 3: Viscosity of suspensions (20 vol%) with no addition (20Al00F), 4 wt% fructose 
(20Al04F), 0.01 M NaCl (20Al00F 0.01 NaCl) and the combination of 4 wt% and 0.01 M 
NaCl (20Al04F 0.01 M NaCl). 
Table 1: Viscosity at shear rate of 100 s-1 for 20 vol% suspensions with Fructose and NaCl 
additions. “xxAl yyF” indicates the xx vol% of alumina suspensions with the addition of 
yy wt% of fructose additions.   
 
Viscosity (Pa·s)  
(ࢽሶ= 100 s-1) Viscosity Reduction* (%) 
20Al 00F 0.3922 0 
20Al 04F 0.3254 17 
20Al 00F 0.01 M NaCl 0.0250 94 
20Al 04F 0.01 M NaCl 0.0129 97 
*Relative to control suspensions of 20Al00F. 
The effect of combined addition on suspension viscosity was studied as a function of solids 
content and NaCl concentration by keeping the fructose to dry alumina powder ratio constant. 
Viscosity measurements at the shear rate of 100 s-1 were plotted in Figure 4.  
Viscosity of suspensions increases with increase in solids content as expected. Combined 
additions effectively reduced the viscosity of suspensions at all solids contents. While 
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suspensions could not even be homogeneously prepared in the other cases (without addition or 
only fructose addition), with the combined additions, the viscosity measurements could be 
conducted reproducibly at solids content as high as Φ = 0.50. However, the data was limited to 
NaCl concentrations of 0.03 M – 0.06 M.  
The viscosity showed minima at certain level of NaCl concentration. Similar behavior was 
observed and discussed before when only NaCl was added to the suspensions [16]. It was related 
to the compression of the electrostatic double layer and increase in zeta potential of powders in 
the specific range of NaCl concentrations leading to relatively short but strong interparticle 
repulsion and lower viscosities. Further increase in NaCl concentration screened the repulsive 
forces completely and flocculated suspensions were obtained.  
 
Figure 4: Viscosity of suspensions with solids loading of 0.20 as a function of solids content and 
NaCl concentration. Fructose concentration was kept constant at 4 wt% of dried alumina 
powder.   
Bound water 
The use of low temperature differential scanning calorimetry (LT-DSC) for determination of 
the bound water content was previously reported [9, 16]. Bound water content decreased with 
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fructose concentration, but was not affected by presence of NaCl. As shown in Figure 5, the 
presence of NaCl and fructose together do not change the behavior of bound water while shifting 
the melting of free water to lower temperatures as expected from melting point depression with 
ions. This observation indicates that NaCl does not change the bound water content whereas 
fructose primarily lowers it.   
 
Figure 5: DSC plots of alumina suspensions with 4 wt% fructose additions and varying NaCl 
concentrations. Heat flow was normalized with respect to total water content. Note the shift 
in free water peak to lower temperatures with NaCl concentration. 
Surface interactions with NaCl and Fructose 
Chemical interactions between alumina, fructose and NaCl were investigated by in situ 
ATR-FTIR Spectroscopy. By subtracting the dominant water spectra from the original spectra, 
the changes in the spectra were amplified (Figure 6). Similar study was reported before for 
alumina ascorbic acid aqueous suspensions [19]. Absorbance of water hydroxyls shows a broad 
band between 3600 cm-1 and 3000 cm-1 (stretching), at 2150 cm-1 and 1627 cm-1 (bending). In 
the presence of alumina nanopowder, the intensity of asymmetric stretching (around 3515 cm-1) 
increased while the intensity of symmetric stretching (around 3200 cm-1) diminished. Gaigeot et 
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al. [20] and Sulpizi et al. [21] assigned these peaks with weak out of plane (liquid like structure) 
and strong in-plane (ice like structure) H-bonds arising from oxide-water interfaces. Similarly, 
bending vibrations at 1627 cm-1 diminishes when alumina was present. Since no change 
observed in bending vibrations at 2150 cm-1, the water content of suspensions should be 
considered comparable.  
Fructose molecule contains hydroxyls as well; however, generally those peaks are 
overlapped with water hydroxyl and not easily distinguished. When the water spectrum was 
removed, the contribution of hydroxyl stretching and bending vibrations of fructose molecule 
could be distinguished between 3200 cm-1 and 2980 cm-1, and between 1780 cm-1 and 1400 cm-1 
in aqueous solution spectra. These contributions lead to intensity changes in suspensions of 
alumina. Lower transmittance in 3200 cm-1 – 2980 cm-1 region and higher transmittance in 1780 
cm-1 – 1400 cm-1 region were observed in the spectra of fructose containing alumina 
suspensions. Hydration of NaCl could also be distinguished between 3380cm-1 and 3200 cm-1 in 
alumina suspensions.  
Table 2 shows chemical assignments for fructose absorptions. In the presence of alumina the 
bands at 1415 cm-1, 1344 cm-1, 1104 cm-1, 1084 and 1064 cm-1 diminished. Changes in the 
spectra could be related with the interactions between alumina surface and fructose molecules. 
Addition of NaCl either in aqueous fructose solution or in alumina suspensions with fructose 
addition did not lead to any changes in fructose interactions. The fact that there is no detectable 
effect of NaCl in fructose – alumina interaction supports our argument that the effects of fructose 
and NaCl in alumina system are independent.  
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Figure 6: In situ ATR-FTIR spectra of samples in the wavelength range of 4000 cm-1 – 2500 cm-1 
(a) and 2000 cm-1 – 900 cm-1 (b). “xxAlyyF” represents xx vol% alumina suspension with the 
addition of yy wt% fructose. Curves split at top (i) to distinguish the features of the bands 
and overlay at bottom (ii) to amplify the intensity differences. Horizontal lines are guide to 
eye. 
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Table 2: Chemical assignment of IR peaks for aqueous fructose solutions. 
Band (cm-1) Assignment [22] 
2942 ν CH2 asymmetric
2893 ν CH2 symmetric 
1415 δ C-O-H 
1344 (C1) δ C-O-H 
1292 (C1) δ C-O-H 
1210 ω CH2 
1154 
1104 (endo) ν CO 
1084 (endo) 
1064 ν CO 
1016 δ C-O-H 
981 (exo) ν CO 
968 (exo) 
* ν: stretch, δ: deformation, ω: wagging, endo: endocyclic, exo: exocyclic, C1:Carbon 1 in 
fructose chain.  
Modeling Suspension Viscosity 
Krieger – Dougherty (K-D) equation relates the solids content in concentrated suspensions 
and was selected to model the suspensions viscosities because of its effectiveness, simplicity and 
versatility (Equation 1). K-D equation is a semi-empirical relation whose validity was proven for 
micro-size powder suspensions for a broad range of solids content. 
ߟ
ߟ଴ ൌ ൤1 െ
߶
߶௠௔௫൨
ିሾఎሿథ೘ೌೣ
 (Equation 1) 
where η, η0, and [η] are the viscosity of suspension, base fluid, and intrinsic viscosity and Φ 
and Φmax are the solids content of particles and the maximum achievable solids content for the 
system, respectively.  
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Even though suspension viscosity depends only on Φ, Φmax and [η], it is not straight forward 
to determine these parameters because of their complex nature.   
First of all, suspensions in this system showed strong shear thinning behavior, especially at 
high solids contents; however, K-D Equation does not incorporate shear rate. Since other 
parameters are dependent on the shear rate, K-D equation needs to be considered at a fixed shear 
rate. 
Recently, Jamali et al. [23] reported the origin of shear thinning behavior as lack of 
resistance to external/internal-particle forces on the colloidal particles. According to their study, 
at high shear rates hydrodynamic forces overcome interparticle forces. Since the K-D Equation is 
mainly dependent on hydrodynamic relations (originally derived for hard sphere systems), we 
preferred to use higher shear rates. The absence of plateau region [24] or shear thickening 
behavior [23] around 500 s-1, which was the maximum shear rate applied in the present study, 
might indicate that the influence of interparticle interactions were not completely diminished at 
this shear rate. The effects of shear rate on individual parameter were also discussed below.  
As mentioned before, the K-D equation was originated as hard sphere model. Therefore, 
solids content parameter, Φ, needs to be expressed as effective solids content, Φeff, to reflect 
steric [24, 25] or electrical double layer, EDL, contribution to the solids content [24, 26, 27]. 
Especially in nanopowder systems, existence of bound water layer amplifies the effect of the 
solids content on viscosity [28-30]. Therefore, estimated bound water fractions calculated from 
DSC data was introduced to the effective solids content term (Equation 2).  
߶௘௙௙ ൌ 	 ௌܸ ൅ ஻ܸௐ்ܸ ௢௧௔௟  (Equation 2) 
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where, VS, VBW, and  VTotal are the volumes of solids, bound water and total suspension, 
respectively. Similar treatment was employed previously to account for the swelling of the 
particles [31, 32]. In that case, the solids content was multiplied by the swelling ratio, α, instead.  
In K-D relation, the solids content is normalized with respect to maximum achievable solids 
content, Φmax so the physically unrealistic values packing of particles above close-packed 
spheres are avoided. Random packing of monodispersed hard spheres, Φmax is theoretically 0.64, 
but experimentally may vary from 0.495 to 0.54. As shear rate is increased, the particles can 
pack more densely, and Φmax increases to 0.74 theoretically and 0.605 experimentally [17, 33, 
34]. Polydispersed particles, on the other hand, can pack even more densely, so much higher 
values of Φmax are possible [17, 25, 35, 36]. Deformability of the particles, as in the presence of 
EDL or bound layer, also leads to higher Φmax values [24, 25]. The K-D equation is independent 
of the interparticle interactions. However, because of the extreme crowding in nanopowder 
systems, particles tend to form agglomerates that could not be broken by shear. For these 
systems, the flow units are considered as primary agglomerates rather than individual particles. 
The formation of agglomerates lowers the value of Φmax as a result of interparticle interactions 
[26, 35, 37-41]. However, there is no commonly accepted way to determine the value of Φmax 
[17]. In the present study, Φmax was modified with Φeff,max, which is the maximum achievable 
solids content experimentally. The errors stemmed from this assumption are discussed later.  
Using the effective solids content, Φeff and maximum effective solids content, Φeff,max, we 
calculated the intrinsic viscosities, [η], as shown in Table 3. From the viscosity data, [η] was 
estimated over the solids content by regression. Table 3 compares the K-D and the modified 
relation at the shear rates of 0.5 s-1, 50 s-1 and 500 s-1.  
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Table 3: Application of Krieger-Dougherty equation to alumina suspensions at different 
shear rates.  
Shear Rate 
(s-1) 
K-D relation Modified K-D relation 
[η] R2 [η] R2 
0.5 39.7 0.874 16.9 0.872 
50 27.9 0.968 11.6 0.968 
500 20.9 0.971 8.7 0.963 
 
For the Krieger-Dougherty relation, Φmax was taken as 0.495 at low shear rates (0.5 s-1) and 
0.54 at high shear rates (50 s-1 and 500 s-1). Φ was assumed to be concentration of “dry” powders. 
In modified Krieger – Dougherty application, Φmax was determined experimentally and Φ is 
replaced the estimated Φeff to account for the bound water layer. The equation could be fitted for 
the solids content between 0.0- 0.20 (five data points). At higher concentration the viscosity 
increased dramatically rendering these equations unreliable. 
Intrinsic viscosities predicted by K-D relation were significantly higher than 2.5, which is 
the intrinsic viscosity value calculated for perfect hard spheres by Einstein. Rubio – Hernandez 
et al. [27] reported similarly high intrinsic viscosities (≈ 32.1 for similar suspension pH) for 
extremely dilute suspensions (Φ ≤ 0.006) of irregular shape γ-alumina particles with average 
particle size of 100 nm by including the effect of EDL. Intrinsic viscosity is known to be a 
function of particle size, morphology and flexibility [42]. Deviation of spherical shape leads to 
increase in intrinsic viscosity values because of the increase in effective particle size [24, 25] 
whereas deformability leads to decrease due to the capability of particles to adapt to flow or 
presence of other particles [17, 24]. Rubio – Hernandez related the high values of intrinsic 
viscosities to shape irregularities [27]. However, individual particles that are used in our study 
are almost perfectly spherical, but similarly high intrinsic viscosity values were obtained.  
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If the flow units were considered as agglomerates rather than individual particles, then [η] 
becomes a function of interparticle forces [26, 27, 37, 43, 44]. At high solids content, 
agglomeration is inevitable. Because of the voids in agglomerates, the intrinsic viscosities were 
expected to be higher [37, 45]. However, since we assume that the bound layer around powders 
is part of the particle, the packing of particles would be much denser than “dry” powders (Figure 
7). Along with the effect of polydispersity in packing (the higher the polydispersity, the denser 
the packing), fully packing is plausible. Also, deformability of the agglomerates would result in 
more round shapes (sphere-like) flow units compared to the clusters of hard spheres leading to 
lower intrinsic viscosities. Therefore, lower intrinsic viscosities were expected when the 
modified relation was employed due to dense packing of more spherical units (Table 3).  
As seen in Table 3, intrinsic viscosity of suspensions decreased with increased in shear rates 
as expected due to the more spherical shape of clusters [30, 45, 46]. This also leads to an 
increase in Φeff,max value which was not included in our calculations. Therefore, the intrinsic 
viscosity values reported here predict lower values.   
 
Figure 7: Crowding of particles in the presence of bound layer. Note that the system has fewer 
particles, but is more crowded in the presence of bound layer (right) relative to hard spheres 
(left). 
The effects of fructose, NaCl and their combination on the intrinsic viscosity of alumina 
powders in aqueous suspensions were listed in Table 4. Intrinsic viscosity values estimated from 
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the K-D equation follows the same pattern with viscosity. Suspensions with lower viscosity have 
lower intrinsic viscosity which is generally attributed to the size of agglomerates. However, as 
the effective solids content due to bound water layer was is taken into consideration, intrinsic 
viscosity increases rather than decrease with the addition of fructose.  
Table 4: Application of Krieger-Dougherty equation to alumina suspensions with NaCl 
and fructose at shear rate of 500 s-1.  
Sample 
K-D relation Modified K-D relation 
[η] R2 [η] R2
without addition 20.9 0.971 8.7 0.963 
4 wt% fructose 17.8 0.985 9.4 0.973 
0.01 M NaCl 16.1 0.894 6.6 0.881 
4 wt% fructose & 0.01M NaCl 11.1 0.971 5.2 0.973 
For the Krieger-Dougherty relation, Φmax was taken as 0.54 at 500 s-1. Φ was assumed to be 
concentration of “dry” powders. In modified Krieger – Dougherty application, Φmax was 
determined experimentally and Φ is replaced the estimated Φeff to account for the bound 
water layer.  
 
Interparticle interaction of nanopowders can be adjusted by changing the pH or ionic 
strength of the solutions[16]. Since the bound layer fraction did not change in the presence of 
NaCl, the intrinsic viscosities of suspensions would be directly related to the interparticle forces. 
Therefore, the lowest intrinsic viscosity was achieved when the NaCl concentration was 0.01 M 
corresponding to lowest viscosity [16]. The intrinsic viscosity was calculated as 6.6 at 500 s-1. 
The decrease in intrinsic viscosity with respect to the suspensions without addition (Table 4) 
shows the effectiveness of interparticle interactions in suspension.  
When the two mechanisms were combined, the intrinsic viscosity of the suspensions could 
be decreased from 8.7 (without addition) to 5.2. Even though addition of only fructose led to 
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increase in intrinsic viscosity from 8.7 to 9.4, with the addition of NaCl the intrinsic viscosity 
decreased to 5.2. It can be predicted that as higher shear rates (> 500 s-1) were applied to the 
suspensions, lower viscosities, hence lower intrinsic viscosities could be achieved if the plateau 
region could be obtained without forming hydroclusters. However, we would not expect to 
obtain intrinsic viscosities as low as 2.5 because of the agglomerated nature of nanoparticle 
systems.  
Modeling of the alumina nanopowder suspensions showed that the K-D equation 
successfully predicts the behavior of suspension viscosity with respect to the solids content. 
However, because of having only one variable, intrinsic viscosity, [η], the equation is not equally 
successful as predicting the physical nature of the complex system. For better understanding of 
the system, effective and maximum achievable solids content terms of the K-D equation need to 
be modified to incorporate the bound layer and agglomeration of the primary particles so that the 
role of additives on viscosity reduction mechanisms can be distinguished. As a result, more 
realistic intrinsic viscosities were estimated.  
Slip Casting 
Slurries containing NaCl and fructose were slip cast and compared to the casts without 
additives to access the influence of these additives on the microstructure of the green body. 
Figure 8 shows the images and SEM micrographs of the fracture surfaces of cast pellets. Without 
any addition, highly porous structures were observed (Figure 8a). With the addition of fructose, 
more uniform structure with smaller pores was observed (Figure 8b). Montero et al. [15] reported 
the use of fructose as a porosity promoter for applications of porous ceramics. They obtained 
microstructures with submicron-sized pores after sintering the mesoporous green bodies at 
around 1300 - 1400 °C. The degree of porosity was seen to significantly decrease when NaCl 
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was introduced, which was attributed to the lower viscosity of the suspension (Figure 8c). 
Samples without fructose (Fig. 8a and 8b) had much lower green body strengths than the ones 
with fructose (Fig. 8c and 8d). Samples containing NaCl and fructose (Figure 8d) were free of 
micron-size pores and much stronger.  
 
Figure 8: Images of fracture surface of slip cast pellets. All samples prepared from suspensions 
with 20 vol% alumina. Concentrations of additives were 4 wt% fructose and 0.01 M NaCl. 
SEM images (inset) are for comparison of microporosity. Scale bars for these images 0.5 are 
mm. 
Conclusions 
The effect of two additives, fructose and NaCl, operating independently were combined and 
the resulting suspensions were compared in terms of their effect on suspension viscosity, bound 
water layer content, physical behavior, and green body integrity.  
Suspensions having both additives exhibited much lower viscosities than the ones with 
fructose and NaCl alone. Combination of fructose and NaCl was effective even at very high 
solids content (Φ≈ 0.50). At Φ= 0.20, the viscosity of suspensions could be reduced by 97% with 
fructose and NaCl combined addition.  
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Varying NaCl concentration did not change the melting behavior of bound water. While the 
chemical structure of fructose was altered in the presence of alumina, addition of NaCl did not 
have any effect on fructose structure. Addition of fructose and NaCl appeared to reduce the 
suspension viscosity independently. 
The Krieger – Dougherty relation was modified by including the effect of bound water layer 
to the effective solids content and maximum achievable solids content parameters. Estimated 
intrinsic viscosities for different conditions were compared. Alumina nanopowder suspensions 
without any addition results in very high intrinsic viscosities (around 40) by K-D at the shear rate 
of 500 s-1. By introduction of the bound water layer effect, the estimated value decreased to 8.7. 
In the presence of bound water layer, much denser agglomerates with smoother surfaces would 
explain the lower values. At 0.01M NaCl, which was the most effective in lowering the 
viscosity, the lowest intrinsic viscosity was estimated as 6.6. Combined additives lead to intrinsic 
viscosities as low as 5.2.  
Slip cast samples without additives show low green body strength with micron size pores. 
Addition of fructose lowered the pore size and improved structural integrity. By combining the 
fructose and NaCl, stronger samples with only mesopores were obtained.  
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Abstract 
The stabilization of concentrated nanopowder suspensions is crucial for many industrial 
applications. Yet, controlling the suspension viscosity is challenging for nanopowder suspension 
systems. In this study, we examined the adsorption of ascorbic acid (Vitamin C) on alumina 
surfaces and the related reduction in viscosity of the suspensions. Interactions between the 
ascorbic acid and the alumina surface were investigated by in situ ATR-FTIR and zeta potential 
measurements. It was shown that ascorbic acid forms complexes with the alumina surface 
through ligand exchange mechanisms. The optimum concentration of ascorbic acid for minimum 
suspension viscosity was determined. The maximum achievable solids content could be 
increased to around 0.35 by the addition of only 1.0 wt. % of dry powder ascorbic acid. Because 
ascorbic acid is easy to use, inexpensive, and a non-toxic organic additive, it has great potential 
to be used as a dispersant in a variety of industrial applications, from dilute to concentrated 
systems of intermediates or products.  
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Introduction 
The correlation between dispersion and final product quality has been well established for 
the colloidal processing of oxide suspensions [1-5]. Lower viscosity of the suspensions is a good 
indicator of better dispersed systems. Therefore, controlling the rheological behavior of powder 
suspensions has been a focus of studies in recent years.  
Even though the stabilization systems of micron- and submicron-size powders are well-
understood, the knowhow cannot be transferred directly to nano-sized powder systems because 
here the number of parameters to be controlled is much higher. The main challenge with 
nanopowder systems is that the separation distances between particles, especially in concentrated 
suspensions, are much smaller than those in micron size powder systems. This fact requires 
much better control of interparticle interactions and limits the maximum achievable solids 
content. Smaller particles have larger diffusion constants. During Brownian movement, there is a 
high probability of particle aggregation, because the attractive van der Waals forces are more 
effective at small separations. Unless an electrostatic or steric barrier is built on the surface, 
aggregation is inevitable. Typically, steric stabilization is suggested for nanopowder suspensions 
because of its robustness [6-8].  
Polyelectrolytes, mainly poly(acrylic acids), poly(methacrylates) and their derivatives, are 
studied extensively as steric stabilizers for alumina [9-21]. Oligo- and polysaccharides [22-25] 
and other novel additives, such as carboxymethyl lignin [26], poly(vinylpyrolidone) [27], 
poly(aspartic acid), and poly(epoxysuccinic acid) [28], were recently suggested as alternatives to 
polyelectrolytes. However, use of long chain molecules may induce bridging or depletion 
flocculation in concentrated suspensions of nanopowders. Kakui et al. [29] showed that while 
poly(ethyleneimine) with a molecular weight of 10,000 can disperse submicron size alumina 
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powders in ethanol solutions, the same polymer increased the viscosity of 7 nm powder 
suspensions. To obtain the same dispersion quality, the molecular weight of the polymer had to 
be decreased to 1,800, which corresponds to 1 nm adlayer thickness. They stated that larger 
molecules were not able to move freely around nanoparticles, decreasing the effectiveness of 
adsorption. Studart et al. [21, 30] predicted that the optimum dispersant length for 65 nm 
alumina powders was approx. 3.6 nm in toluene and between 3 nm and 4 nm in water, which is 
required to overcome the van der Waals attractive forces and optimize the excluded volume to 
obtain a well-dispersed system. It was also shown that low molecular weight saccharides can 
reduce the viscosity of alumina nanopowder suspensions more effectively than polysaccharides 
[31].   
Small molecules as dispersants have not been as widely studied as polymeric ones. Citric 
acid and other aliphatic and aromatic carboxylic acids with different lengths and numbers of 
functional groups [5, 25, 32-36], low molecular weight saccharides and their derivatives, 
polyalcohols and sugar alcohols [37-43], fatty acids [44], and tailor-made molecules with 
pyrogallol head and short poly(ethylene glycol) tail [30] are some of the small molecules that are 
currently used to understand and control the rheological behavior of submicron and nanopowder 
alumina suspensions.  
In general, adsorption of molecules occurs between the ionic functional group of the 
molecules and the charged oxide surface through a ligand exchange process. The lowest 
viscosities are obtained when the solution pH is below the isoelectric point (IEP) of the oxide 
powder and above the acid dissociation constant of the acidic functional group. Therefore, 
electrostatic interactions between the positively charged oxide surface and the negatively 
charged functional groups will be favorable [45]. The number, position, and type of the 
109 
 
` 
functional groups affect the adsorption behavior [32, 46-50]. In the case of carboxylic acid, 
molecules with a rigid backbone with at least one carboxylic and one hydroxyl group facilitate 
better dispersions[35]. Low molecular weight saccharides, fructose in particular, are believed to 
reduce the effective solids content [37, 38, 40, 51]. Interaction of the fructose molecule with the 
alumina surface leads to displacement of bound water around the particles and decreases the 
effective volume fraction, and hence, the viscosity [37, 40, 41]. Of all of these studies, only a 
few examine nanopowder systems [30, 37, 38, 40, 41, 43, 44]. The maximum solids content (η ≤ 
1 Pa·s at a shear rate of 100 s-1) was increased to 0.35 and 0.40 by using meso-erythritol [43] or 
Gallol-PEG (pyrogallol head and short poly(ethylene glycol) tail) [30] for the alumina 
nanopowder suspensions (mean size of 44 and 65 nm), respectively. For other systems, the 
maximum solids loadings were limited to 0.20 – 0.25.  
The aim of this study is to obtain well dispersed, concentrated nanopowder suspensions with 
better control of their rheological behavior. Here, we report the use of ascorbic acid (Vitamin C) 
for the dispersion of alumina nanopowder suspensions. To the best of our knowledge, it is the 
first time in the open literature that ascorbic acid is used for the stabilization of oxide 
suspensions.  
Ascorbic acid has four hydroxyl groups, one of which dissociates in aqueous solutions. It is 
predicted that, while the acidic group electrostatically interacts with the positively charged 
alumina surface, other hydroxyl groups can help to disperse the particles in aqueous systems. In 
addition, ascorbic acid is a small, highly water soluble, abundant, inexpensive, and non-toxic 
molecule, and readily available. These properties make ascorbic acid a good candidate as an 
additive for oxide nanopowder suspensions.  
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Experimental  
Materials 
Alumina nanopowders (Lot# AAGL 1201) were purchased from the Nanophase Technology 
Corporation (Burr Ridge, IL). Transmission electron micrograph of these nanopowders are seen 
in Figure 1. Average particle size was 42 nm as calculated equivalent spherical particle diameter 
from a BET surface area of 38.8 m2/ g. From the TEM images, average particle size was 
calculated to be 30 nm with a standard deviations of 21 nm.  The powders had a density of 3.67 
g/cm3, a purity ≥ 99.5%, and a phase distribution of γ/δ ≈ 70:30. 
 
Figure 1: TEM micrograph of alumina nanopowder. 
L-(+)-Ascorbic acid (ACS certified, purity > 99%) was purchased from Alfa Aesar (Ward 
Hill, MA). The chemical and resonance structures of ascorbic acid (C6H8O6) are shown in Figure 
2. NaCl, NaOH, and concentrated HCl were obtained from Fisher Scientific (Fair Lawn, NJ). 
Ultrapure water (Milli-Q Gradient A-10 model, Millipore Company, Billerica, MA) with a 
resistivity of 18.3 MΩ·cm and TOC < 3 ppm was used.  
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Figure 2: Chemical and resonance structures of ascorbic acid. 
 
Suspension Preparation 
The alumina powder was dried at 110 °C for 2 hours to eliminate any moisture adsorbed on 
the powder surface. The required amount of water and ascorbic acid was weighed and mixed. 
Then, alumina powder was weighed and added slowly to the solution. Suspensions were shaken 
in a heavy-duty shaker for 24 h at room temperature prior to rheological and ATR-FTIR 
measurements. While solids content of the alumina powders was calculated as a volume fraction 
of the suspension, the concentration of ascorbic acid was taken as a weight percentage of dried 
alumina nanopowder. The volume contribution of ascorbic acid to the suspension volume was 
negligible. 
Viscosity Measurements 
For the viscosity measurements, a rheometer (model AR 2000ex, TA Instruments, New 
Castle, DE) with a cone and plate geometry attachment (steel, 4˚ cone angle and 40 mm 
diameter) was used. A solvent trap was used to prevent water evaporation during the 
measurements. Initially, the shear rate was increased from 0.5 s-1 to 500 s-1, then reduced back to 
0.5 s-1 and 10 points per decade of each half loop were recorded. For reproducibility, two 
consecutive runs were conducted at 25.0 ± 0.1 ˚C. The data points corresponding to the final half 
loop of the second run were reported.  
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Zeta Potential Measurements 
Zeta potentials were measured by a Laser Doppler Electrophoresis unit (Zetasizer, model 
Nano ZS90, Malvern Instruments, Worcestershire, UK) at 25 ˚C. The Smoluchowski equation 
was used for the zeta potential calculations.  
A small portion of the alumina suspension (after shaking for 24 hours) was diluted to 200 
ppm particles by deionized water and used for viscosity measurements. The ionic strength of the 
solution samples was adjusted to 0.1 M by using NaCl, a known indifferent electrolyte for 
alumina powders. The solution samples were shaken for an additional 24 h before zeta potential 
measurements were taken. The pH of the suspension was adjusted using 0.01 M or 0.1 M of HCl 
or NaOH. After 2 – 5 min of acid/base additions, the solution pH was measured before and after 
zeta potential measurements at room temperature, and the average pH was recorded for the 
measurement. The pH readings were accurate to ± 0.01.  
ATR-FTIR Spectroscopy Measurements 
An attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscope 
(Frontier model FTIR, Single reflection ATR attachment with diamond crystal, Perkin Elmer, 
Waltham, MA) was used for this study. Samples were directly put on the ATR crystal. Four 
scans with a spectral resolution of 4 cm-1 were taken at room temperature for each sample.  Data 
was processed by Spectrum 10 software. For each spectrum, an interactive baseline correction 
with respect to the position of 4000 cm-1 was employed.  
In order to resolve the individual interactions of water, ascorbic acid and alumina, four 
different spectra for each ascorbic acid concentration were collected and compared: spectra of (i) 
pure water, (ii) water mixed with required amount of ascorbic acid (the solution before adding 
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alumina powder), (iii) suspension of alumina powder with ascorbic acid (shaken for 24 hours), 
and (iv) alumina powder suspensions without addition of ascorbic acid.  
Results and Discussion 
Rheological Measurements 
As a model system, a suspension with a solids content of 0.20 was chosen. Figure 3 shows 
the effect of ascorbic acid concentration on the viscosity of the alumina nanopowder suspensions 
over the shear rate range studied. Addition of ascorbic acid reduced the viscosity of the 
suspensions substantially, even at very high shear rates. With the addition of only 1.0 wt. % 
ascorbic acid, the viscosity of the suspensions decreased from 0.46 Pa·s to 0.01 Pa·s at a shear 
rate of 100 s-1. The flow of aqueous alumina suspensions showed high shear rate dependency. 
However, with the addition of ascorbic acid, the dependency on the shear rate was reduced. At 
the optimum concentration, the flow was completely Newtonian, which indicated good 
dispersion of the nanopowder. Further addition of ascorbic acid resulted in higher viscosities 
coupled with strong shear thinning behavior, which represented the flocculated state of the 
nanopowders.  
For easier comparison, Figure 4 shows the viscosities of suspensions at a shear rate of 100 s-
1 as a function of ascorbic acid concentration. Increase in ascorbic acid concentration first 
reduced the viscosity of the suspensions. After reaching a critical concentration (1.0 wt.%), the 
viscosity started to increase. A similar behavior was observed when additives adsorbed on the 
surface. Mixing with polymeric additives shows minima when the monolayer coverage of the 
surface is obtained. Excess polymeric additives result in bridging and depletion flocculation [9, 
11, 17, 52]. 
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Figure 3: Viscosity of suspensions with 0.20 solids content of alumina nanopowder as a function of 
shear rate and ascorbic acid concentration. Note that the viscosity decreased systematically 
with the addition of ascorbic acid up to 1 wt.% and increased at concentrations higher than 1 
wt.%.   
 
Figure 4: Viscosity of suspensions with 0.20 alumina nanopowder solids content of as a function of 
ascorbic acid concentration at shear rate of 100 s-1.    
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Once the monolayer surface coverage is completed, excessive amounts of ascorbic acid 
would probably accumulate in solution. Because the separation distance is very short in 
concentrated nanoparticle suspensions, accumulated ascorbic acid will act a bridge between 
particles, resulting in higher viscosities.   
By keeping the ratio of ascorbic acid to alumina powder constant at 1.0 wt.%, the solids 
content of the suspensions were increased to determine the maximum achievable value. Figure 5 
shows the effect of ascorbic acid addition on the viscosity of suspensions with different solids 
contents. The effect was compared to the alumina nanopowder suspensions without ascorbic acid 
addition. For all solids content levels, addition of ascorbic acid led to a reduction in suspension 
viscosity. However, the reduction at high solids content was not as significant as that at low 
solids content. While the reduction was approximately 98 and 94 % for solids contents of 0.20 
and 0.30, respectively, it was around 30 % for a solids content of 0.40. Changing the ratio of 
ascorbic acid to alumina powder (0.5 wt.% or 2.0 wt.%) did not further reduce the viscosity for 
suspensions with a solids content of 0.40. This relatively low effectiveness is most probably 
caused by the very limited separation distance between powders at high solids content. With the 
addition of only 1.0 wt.% of ascorbic acid, the maximum solids content was approx. 0.35.    
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Figure 5: Viscosity of suspensions with ascorbic acid concentration of 1.0 wt.% as a function of 
solids content of alumina nanopowder at a shear rate of 100 s-1.    
In Situ ATR-FTIR Measurements 
Adsorption of ascorbic acid on the surface of alumina powders has not been extensively 
studied.  The chemical interactions between the alumina powder and the ascorbic acid were 
investigated by in situ ATR-FTIR spectroscopy. In order to distinguish the changes in the 
ascorbic acid structure and its interactions with alumina powder and water, each component of 
the suspension were studied separately. Because the strong IR absorbance of water dominates the 
spectrum, the pure water spectrum was subtracted from the solution/suspension spectra. Original 
and difference spectra are plotted in Figure 6.  
The broad band between 3600 cm-1 and 2900 cm-1 in Figure 6(a) was assigned the 
absorbance of symmetric and asymmetric stretching of the hydroxyl groups in the water 
molecules. There was no change observed in this band in the spectra of the ascorbic acid/water 
solution. However, in the presence of alumina nanopowder, the intensity of the asymmetric 
stretching (around 3515 cm-1) increased at the expense of the symmetric one (around 3200 cm-1).  
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Figure 6: In situ ATR-FTIR spectra of samples in the wavelength range of 4000 cm-1 – 2500 cm-1 
(a) and 2000 cm-1  –  950 cm-1 (b). “xxAl yyAA” represents xx volume% alumina 
suspensions with the addition of yy wt.% ascorbic acid. 
 
The bands at 1630 cm-1 and 2150 cm-1 (bending) were also associated with water molecules. 
While there was no change in intensity and position of latter band, a decrease in intensity was 
observed in the former in the presence of alumina powder. Because the changes in spectra were 
118 
 
` 
observed only in alumina suspensions but not in solutions, they were related to the strong 
interaction of water molecules with the alumina powder. The alumina surface restricts the 
symmetric stretching of water hydroxyls. Addition of ascorbic acid to alumina suspensions did 
not lead to any significant change in these peaks. 
The absorbance at 1759 cm-1 (C1=O asymmetric stretching) and 1690 cm-1 (C=C ring 
stretching) present in the ascorbic acid solution spectrum almost disappeared as alumina 
nanopowder was introduced to the solution. Very small absorbance bands around 1710 cm-1, 
similar to C1=O stretching, were observed. Similarly, the relatively broad band around 1350 cm-
1, representing C3=O stretching vibrations in the ascorbic acid solution spectrum, shifted to 1400 
cm-1 in the presence of alumina powder. The shifts of the band through the lower frequencies and 
decrease in its intensity indicated the complex formation of carbonyl groups with the alumina 
surface. Shifts in C1=O band absorbance were associated with the metal-ascorbate binding earlier 
[53-55]. Because of the conjugated system of C1 and C3, the resonance structures explain the 
contribution of both carbons in their adsorption on the alumina surface (Figure 2).  
The bands at 1226 cm-1, 1146 cm-1, 1120 cm-1, and 1050 cm-1 were assigned to C-C(=O)-O 
stretching, C-C stretching, and C-O-H bending in the solution spectra [54, 56, 57]. These bands 
lost their intensities and sharpness in aqueous solution of alumina. Less intense and much 
broader overlapping bands were attributed to changes in ascorbic acid concentration. Even 
though the intensities of these peaks seemed to increase with ascorbic acid concentration, 
quantification of the peaks would not be reliable because of the very low absorption intensities.  
Instead of carboxyl groups, ascorbic acid has hydroxyl groups. When ascorbic acid is 
dissolved in water, ascorbates will form and the pH of the solution decreases because of the 
release of H+ (see Figure 2, first step). Negatively charged ascorbate favors adsorption to the 
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positively charged alumina surface. Because of their resonance structures (Figure 2, second 
step), both C1 and C3 favor adsorption on the alumina surface. According to the in situ ATR-
FTIR measurements, ascorbic acids adsorbed to the alumina surface through C1 and C3 via 
ligand exchange mechanisms. 
As seen in Figure 7, the pH of the suspensions decreased with ascorbic acid concentration. 
The acid dissociation constant, pKa, of ascorbic acid is 4.36. At a solids content of 0.2, the initial 
pH of the alumina suspension was about 5.7; thus most of the ascorbic acid molecules were 
ionized and formed ascorbete ions. Therefore, they had a high tendency to specifically adsorb on 
the alumina surface. As the adsorption reaction continued, the pH of the suspension decreased 
because of the release of H+ to the solution initiated by ascorbic acid dissociation. At lower pH 
values, the dissociation rate of ascorbic acids were expected to decrease; however, because the 
dissolved molecules adsorbed on the alumina surface, dissociation reaction was favorable until 
the alumina surface was fully covered. This supports the assumption of ligand exchange 
adsorption mechanisms.  
 
Figure 7: Change in pH of the alumina nanopowder suspensions with a solids content of 0.20 as a 
function of ascorbic acid concentration.   
120 
 
` 
Zeta Potential Measurements 
Adsorption of the charged molecules on the alumina surface may cause changes in surface 
charge. As seen in Figure 8, the zeta potential of the powders did not change much at low 
concentrations of ascorbic acid, but decreased when the concentration was higher than 0.4 %.  
It was reported that strong adsorption resulted in shifts in IEP of the powders [33, 46, 49, 
58]. Increase in ascorbic acid concentration led to shifts in IEP to lower pH values (Figure 9), 
which indicated the more acidic alumina surface. The values leveled off with higher 
concentrations of ascorbic acid (> 1.0 wt.%), which indicated that the reaction was closer to 
completion. 
 
Figure 8: Zeta potential of alumina powders as a function of ascorbic acid concentration. “xx 
wt.%” indicates xx wt.% of ascorbic acid addition with respect to the dry alumina powder.  
The concentrations ascorbic acid levels before dilution. 
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Figure 9: Shifts in pH of IEP with respect to the ascorbic acid concentration before dilution 
according to zeta potential measurements.   
 
The color of the alumina suspensions changed from light to darker brown with increasing 
ascorbic acid concentration. It is known ascorbic acid turns to a brown color during degradation. 
This is another qualitative, yet independent, observation confirming a change in the molecular 
structure of ascorbic acid as it adsorbs on the alumina surface.  
Mechanism of Viscosity Reduction 
The viscosity of the nano-size alumina powder suspensions decreased dramatically with as 
little as 1 wt.% of ascorbic acid. The role of ascorbic acid as a dispersant is attributable to its 
strong specific interaction with the alumina surface. In situ ATR-FTIR and zeta potential 
measurements showed that ascorbic acid adsorbed on the alumina surface. Adsorption of 
ascorbate ions on the surface also led to a decrease in the IEP of alumina from 9 to approx. 6.5. 
Leveling of the IEP indicated that the adsorption approached a limiting value, specifically around 
1.0 wt.%. In fact, the minimum viscosity was obtained at this concentration, probably 
representing the monolayer coverage of alumina surface. Because ascorbic acid is very soluble in 
water, further addition of ascorbic acid would accumulate in solution. Because of the small 
122 
 
` 
separation distance between nanopowders in concentrated suspensions, excess ascorbic acid 
molecules may form bridges between the alumina powder particles. That would lead to an 
increase in viscosity of the suspension after the optimum value was obtained by monolayer 
coverage. The decreasing effectiveness of further ascorbic acid addition on lowering the 
viscosity at high solids contents supports our claim.  
Conclusion 
It was shown for the first time that ascorbic acid (Vitamin C) can be used to disperse 
nanopowder suspensions. With the addition of small amounts of ascorbic acid, the viscosity of 
the suspensions decreased significantly and Newtonian flow was obtained. The optimum 
concentration for minimum viscosity was determined as 1.0 wt.% of alumina powder. With 
optimum ascorbic acid addition, the maximum solids content (where ≤ 1 Pa·s at a shear rate of 
100 s-1)  was increased to about 0.35.  
The viscosity decrease of suspensions was directly related to the adsorption of ascorbic acid 
on the alumina surface. The adsorption reaction slowed down at concentrations higher than 1.0 
wt.%. Further addition of ascorbic acid may form bridges between alumina particles, thus 
leading to an increase in viscosity. Dispersion of powders at very high concentrations was more 
challenging, but ascorbic acid was still effective. 
In situ ATR-FTIR measurement showed that ascorbic acid bound to the surface through C1 
and C3 via ligand exchange adsorption. As a result of ascorbate adsorption, the IEP of alumina 
shifted to lower pH values.  
Ascorbic acid is readily available, inexpensive, and non-toxic. Because it can be removed 
completely during burnout process, it offers an approach to produce parts with high purity and 
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uniform microstructures. All these advantages make ascorbic acid a strong candidate for 
colloidal processing of concentrated oxide suspensions.  
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CHAPTER VI. BOUND WATER LAYER AND ITS INFLUENCE ON THE 
VISCOSITY OF CERAMIC OXIDE NANOPOWDERS 
SUSPENSIONS  
(A paper to be submitted to the Journal of European Ceramic Society) 
Simge Çınar, Daniel D. Anderson, Mufit Akinc      
Department of Materials Science and Engineering, 
Iowa State University, Ames, Iowa 50011 
Abstract 
Nanopowder suspensions exhibit much higher viscosities compared to micron size powders. 
Recently, it was shown that a bound water layer around the particles is partially responsible for 
the high viscosities of alumina nanopowder suspensions. In the present study, the existence and 
effect of the bound water layer on suspension viscosity were validated for other oxide systems 
such as zirconia, yttria stabilized zirconia and titania. The water melting events were studied by 
low-temperature differential scanning calorimetry (LT-DSC) to investigate the nature of the 
bound water and how it varied by different oxide systems. Even though the free water melts 
around similar temperatures for different oxide systems, the melting temperatures of bound water 
varied from -1 °C to -7 °C. The variation in melting behavior of bound water was related to the 
available charged species in solution and hydroxide formation through the ΔpH values. The 
higher ΔpH was, the lower the melting temperature of bound water is. The bound water content 
was estimated and incorporated into a modified Krieger-Dougherty (K-D) equation. Intrinsic 
viscosities of different oxide suspensions obtained through this modified model were used to 
compare and understand the rheological behavior of suspensions. The modified equation 
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successfully fitted the experimental data, for all but the alumina systems. Intrinsic values were 
estimated as 11.6, 6.6, 5.1 and 3.1 at the shear rate of 50 s-1 for alumina, titania, zirconia and 
YSZ, respectively. Increasing shear rate predicted lower intrinsic viscosity values.  
Introduction  
Alumina [1-13], zirconia [14-21], yttrium stabilized zirconia (YSZ) [22-24], and titania [25-
27]are some of the most widely studied ceramic nanopowder systems. Understanding of the 
surface properties and the rheological behavior of oxide nanopowder suspensions is essential for 
many applications, including nanofluids [28-32], advanced ceramics [15, 33, 34], 
nanocomposites [30, 35], and others.  Lower suspension viscosities facilitate improved final 
product quality because they indicate better dispersed systems, and lower production cost.  
Typically, the suspension viscosity increases with decreasing particle size [21, 36]. 
However, nanopowder suspensions exhibit unexpectedly high viscosities. A possible explanation 
is the fact that the separation distances between particles are much shorter in nanopowder 
systems, and therefore extreme agglomeration may be caused by enhanced interparticle forces. 
Existing models do not fully explain this phenomenon. The current model underestimates the 
viscosity of nanopowder suspensions and the issue is still a topic of debate [7, 28-31, 37-40].  
The bound water layer around the nanopowder particles, which we reported earlier, leads to 
an increase in the effective solids content [2, 3, 12]. It was shown that while the bound water 
fraction is negligible for sub-micron size powders, but it becomes substantial for nanopowders, 
leading to much higher viscosities than predicted by existing models.  
The bound water manifests itself by the appearance of lower temperature melting events in 
the presence of alumina powders as indicated in low temperature differential scanning 
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calorimetry (LT-DSC). It was reported that the bound water layer can be modified by low 
molecular weight saccharides [2, 11, 12]. This modified layer is different than an electrical 
double layer because its fraction is constant with varying indifferent electrolyte (NaCl) 
concentration. The presence of specifically adsorbed H+ and OH- also leads to changes in the 
fraction of bound water [3]. Thus, bound water is directly associated with the powder surface [3]. 
Because the bound water cannot serve as a solvent in the system, the effective solids content 
increases and is partially responsible for the high viscosities of alumina nanopowder 
suspensions.   
The goal of the present work was to extrapolate our findings to other oxide nanopowder 
systems, specifically zirconia, 3 mol% yttria stabilized zirconia (YSZ), and titania. The 
viscosities of the suspensions by rheometry and the bound water layer by differential scanning 
calorimetry (LT-DSC) were studied. The effective solids content of the nanopowder suspensions 
was estimated using bound water fractions by LT-DSC, which were subsequently used in the 
modified K-D equation to predict and compare the viscosities of different oxide systems. The 
intrinsic viscosities predicted by this modified equation were discussed.  
Experimental 
Materials 
While alumina (Lot number: AAGL 1201) and titania (Lot number: T90121 – 01) 
nanopowders were purchased from Nanophase Technology Corporation (Burr Ridge, IL), 
zirconia (Lot number: IAM6280NZ0) and yttria stabilized zirconia (Lot number: 
IAM3180NYZ3) nanopowders were purchased from Inframat Advanced Materials (Manchester, 
CT). All powders had a purity of at least 99.0 %. Figure 1 shows the transmission electron 
microscopy (TEM) images of these nanopowders. The alumina and titania nanopowders were 
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almost perfectly spherical, while the zirconia and YSZ powder particles were sphere-like. 
Zirconia powders were agglomerated to a degree that the boundaries between individual particles 
were not distinguishable. In contrast, the YSZ nanopowders were displayed on the TEM grid as 
almost individual particles. The alumina nanopowders had sharp boundaries, indicating that 
particles could be dispersed. The titania particles, on the other hand, were agglomerated. Other 
properties of these powders are listed in Table 1. For the estimation of the particle size based on 
the BET surface area, the particles were assumed to be perfectly spherical and dispersed. More 
than hundred particles were counted for the particle size estimation using TEM images. 
Measurements were done manually using ImageJ Software and particles were assumed to be 
spherical. The relatively high particle size results for zirconia using TEM images might have 
been caused by the unclear separation of individual particles and the assumption of perfect 
spherical shapes. In addition, fused or very small particles caused errors in size estimation using 
TEM images.   
ACS certified NaCl, NaOH and concentrated HCl were purchased from Fisher Scientific 
(Fair Lawn, NJ). 
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Figure 1: TEM micrographs of alumina (a), titania (b), zirconia (c), and YSZ (d) nanopowders. 
 
Table 1:  Characteristics of nanopowders studied.  
 
Phases 
present  
(XRD) 
Density 
(g/cm3) 
BET 
Surface 
Area 
(m2/g) 
BET 
Particle 
Size* 
(nm) 
Average 
Particle 
Size** 
(nm) 
Average 
Particle Size 
(TEM)*** 
(nm) 
pH at 
IEP 
(± 0.2 ) 
Alumina γ/δ ≈ 70:30 3.7 38.8 42 50 30 ± 21 9.5 
Zirconia Monoclinic 5.7 10.8 98 30 - 60 85 ± 25 6.2 
YSZ Tetragonal 6.1 24.4 40 30 - 60 125 ± 43 8.0 
Titania Anatase 3.9 42.8 36 38 27 ± 17 6.2 
* Particles were assumed to be perfectly spherical and dispersed. **Particle size provided 
by manufacturer. ***Particles were assumed to be spherical and their diameters were measured 
manually. xx ± yy indicates the average particle size ± standard deviation. XRD: X-Ray 
Diffractometry, BET: surface area by Brunauer-Emmett-Teller method, IEP: Isoelectric Point, 
YSZ: 3 mol% yttria stabilized zirconia 
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Suspension Preparation 
In order to prepare the suspensions, all powders were first dried at 110 °C for 2 hours to 
eliminate moisture on the powder surface. Solids contents were calculated as percentage of the 
total suspension volume. The required volume was converted to mass and the powder was 
weighed. Ultrapure water (Milli Q Gradient A-10 model, Millipore Company, Billerica, MA) 
with a resistivity of 18.3 and total organic content (TOC) < 3 ppm was used. The powders were 
added slowly to the water and the suspensions were shaken for 24 hours in a heavy-duty shaker 
at room temperature.  
Viscosity Measurements 
A rheometer (AR 2000ex model, TA Instruments, New Castle, DE) with a cone and plate 
geometry attachment (steel, 4° cone angle and 40 mm diameter) was used for the viscosity 
measurements. Water evaporation during measurements was prevented by using a solvent trap. 
Two consecutive runs were conducted at 25.0 ± 0.1 °C. Each run consisted of two half loops. 
During the first half loop, the shear rate was ramped up from 0.5 s-1 to 500 s-1 and in the second 
run it ramped down to 0.5 s-1. Ten points per decade of each half loop were recorded. After the 
second half loop of the first run, data was reproducible. Second half loop of the second run was 
reported.  
Low Temperature Differential Scanning Calorimetry (LT-DSC) 
A differential scanning calorimeter (Q20 model, TA Instruments, New Castle, DE) with an 
RCS 40 cooling unit was used to measure water melting events. To prevent the evaporation of 
water, hermetically sealed aluminum pans and lids were employed. Samples with similar water 
content (approx. 5 – 10 mg) were prepared. The samples were cooled down to –25 °C, held at 
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that temperature for 1 min to equilibrate the temperature. Then, the sample was heated to 10 °C 
at a heating rate of 1 °C/ min.  
TA Universal Analysis software was used for both the deconvolution of the area under the 
curves and the estimation of the melting temperatures.  
Zeta Potential Measurements 
A Zetasizer (Nano ZS90 model, Malvern Instruments, Worcestershire, UK) was used to 
measure the zeta potential of the powders. The suspensions prepared for rheology and DSC 
measurements were diluted to 200 ppm particles by ultrapure water. The ion concentrations of 
the solutions were kept constant at 0.01 M with NaCl, which is known to be an indifferent 
electrolyte for all the powders used in this study. The details of the measurements were reported 
previously [3].  
Results and Discussion 
Rheological Measurements 
The viscosity of suspensions depends on a number of variables such as particle size, shape, 
size distribution, surface charge, solution chemistry, solids content, deformability, flow 
conditions, and others [41]. Figure 2 shows the suspension viscosity of different oxide systems as 
a function of shear rate and solids content. Because of the large number of variables in these 
systems, a one-to-one comparison of the viscosity values would not be meaningful. However, 
some of their specific rheological characteristics are worth mentioning.  
All suspensions had high viscosities and almost none of them exhibited Newtonian behavior 
at any solids content studied. On the other hand, shear thinning behavior was observed at almost 
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all levels of solids content, and it became more prominent at higher levels. At high shear rates 
and for low solids content systems, shear thickening was common.  
 
 
a) 
b) 
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Figure 2: Viscosities of alumina (a), zirconia (b), YSZ (c), and titania (d) nanopowder suspensions 
with varying solids content and shear rate.  Note that a log-log plot is used. 
There are three main forces effective in colloidal suspensions of charged particles: 
Brownian, interparticle, and hydrodynamic forces. At low shear rates, Brownian and interparticle 
forces dominate. At high shear rates, on the other hand, hydrodynamic forces become more 
dominant [42-44]. Recently, Jamali et al. [44] used simulation to show that the shear thinning 
c) 
d) 
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behavior was caused by the lack of resistance to interparticle interactions or external forces. 
According to their study, hydrodynamic interactions overcame the interparticle interactions with 
increasing shear rates, and a decrease in viscosity was observed. At high shear rates, the 
hydrodynamic forces became so strong that hydroclusters were formed and thickening occurred 
[44]. According their bimodal model, shear thickening was not observed at high solids contents 
or when the small particle fraction was increased. Our observations for four different oxide 
suspensions support their findings.  
A shear rate of 50 s-1 was chosen to compare the viscosities of different oxide systems. This 
is in the plateau region of low solids content suspensions where hydrodynamic interactions were 
assumed to be the most effective while interparticle interactions were relatively less effective. 
Figure 3 shows a comparison of viscosities as a function of solids content for different oxide 
suspensions at a constant shear rate.  
 
Figure 3: Comparison of suspension viscosities of different oxide systems at a shear rate of 50 s-1. 
Note that a semi-log is used. 
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Figure 3 shows that the viscosity of the suspensions increased exponentially with solids 
content as predicted by the K-D relation. While the increase in viscosities was comparable for 
zirconia, YSZ and titania, the alumina nanopowders exhibited the highest viscosities at a 
different rate of increase than the other systems.   
Neither size, shape, size distribution, nor agglomeration state of the particles (Figure 1, 
Table 1) can solely explain the different behavior of the alumina nanopowder suspensions or the 
relative viscosities of the suspensions. A more detailed study is needed to explain the subtle 
differences observed for these powders which is beyond the scope of this work. 
Bound Water Layer 
As reported previously, the secondary melting event, the “bound water”, was observed in the 
presence of alumina nanopowders [2, 3, 12]. Figure 4 shows that melting events at lower 
temperatures than free water were also seen in titania, zirconia and yttria stabilized zirconia 
suspensions, indicating that the existence of bound water is not unique for the alumina 
nanopowder suspensions.  
In all cases, as solids content was increased, the bound water peak was increased at the 
expense of the free water peak. Since the available surface area increases with solids content, 
increase in bound water was expected [2]. 
In the individual oxide systems the melting events for both free and bound water was seen at 
approx. the same temperatures, independent of their solids content (Figure 4, Table 2). However, 
the type of the oxide affected the melting temperature of the bound water, the shape of the peak 
as well as its amount.   
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The melting events for different oxide systems are compared in Figure 4d. The decrease in 
melting point temperatures in the presence of oxide nanopowders can be ranked from lowest to 
highest as follows: zirconia, YSZ, alumina, and titania.  
 
 
a) 
b) 
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Figure 4: LT-DSC plots of zirconia (a), YSZ (b), and titania (c) nanopowder suspensions with 
varying solids content. A similar plot for alumina systems was reported previously [2]. LT-
DSC plots were compared at Φ= 0.20 for different oxide systems (d). The melting event at 
lower temperatures was attributed to a bound water melting, while the other was attributed to 
free water. The curves were normalized with respect to the total water content.    
 
c) 
d) 
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In order to allow for a quantitative comparison of the bound water contents and the melting 
characteristics, the LT-DSC curves were deconvoluted. The details of the deconvolution process 
and the calculations were reported previously [2]. The heat absorbed during each event was 
estimated by deconvolution of the area under the melting event curve. By assuming that the heat 
of fusion for the free water was equal to the one of pure water, the amount of free water was 
estimated. Subtracting the amount of free water from the total water content provides the amount 
of bound water. The amount of heat absorbed for bound water melting event (estimated by 
deconvolution) was divided by the amount of bound water to estimate the heat of fusion values 
for bound water events. The heat of fusion values were averaged over solids content range and 
standard deviations were calculated. The entropy of fusion was estimated using Gibbs free 
energy equation; the results are listed in Table 2. Lower heat of fusion values were associated 
with lower melting temperatures and entropy changes.   
Table 2: Comparison of melting events for different oxide nanopowder suspensions. 
 
T m, FW 
(°C) 
T m, BW 
(°C) 
ΔH f, BW 
(J/g) 
ΔS f, BW 
(J/gK) 
w BW           
(Φ= 0.20) 
Zirconia 0.2 -1.0 270 ± 15 0.91 0.36 
YSZ 0.2 -1.8 250 ± 10 0.84 0.32 
Alumina 0.3 -3.3 245 ± 15 0.83 0.30 
Titania 0.2 -7.1 205 ± 10 0.71 0.19 
Tm, ΔHf, and w represent melting temperature, heat of fusion and weight fraction, 
respectively. FW and BW represent free and bound water, respectively.  
The relative melting temperatures and heat of fusion values of bound water for different 
oxide systems exhibited an interesting correlation with the ΔpH values (the difference between 
the pH of the IEP and suspensions) and the total ion concentrations estimated from solubility 
products of oxides at the suspension pH (Table 3).  
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Hydrolysis reactions of the oxides in aqueous environments determine the pH of the 
suspensions as long as there is no other species present in the system other than pure oxide and 
water. These reactions yield a certain amount of charged and neutral hydroxide species, 
depending on solubility constants. Table 4 shows the available species at suspension pH, the 
solubility constants of neutral hydroxide species, the total concentrations of all species, and the 
overall hydrolysis reactions. For YSZ, the surfaces of the zirconia powder particles were mostly 
covered by yttria. Therefore, the values for YSZ should be considered in between those of yttria 
and zirconia.  
The difference between total ion and hydroxide concentrations represents the concentration 
of the available charged species in the system. The charged species concentration follows the 
inverse relationship with the melting temperature of bound water. For increased concentration of 
charged species, the melting temperatures decrease and the bound water fraction becomes 
smaller which is expected if one considers melting/freezing point depression by electrolyte in 
solutions.  
While the charged species consume hydrogen ions during formation, hydroxide formation 
reactions involving these species release hydrogen to the system. Because the hydrogen 
concentrations in suspensions ([H+] ≈ 10-ΔpH) were much higher than the solubility products of 
hydroxides, excess amounts of hydroxides precipitated. Therefore, the ΔpH values may be 
indications of precipitated hydroxides, with larger ΔpH values indicating higher concentrations 
of precipitated hydroxide. If the precipitation took place on the particle surface, it may be linked 
to the bound water event. Similar hydration reactions were also suggested for cement systems 
[45]. It was also reported that saccharides affect hydration of cements [46, 47]. Similarly, we 
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observed a decrease in bound water content in the presence of low molecular weight saccharides 
[2, 11, 12]. 
Table 3: Comparison of the suspension pH and zeta potentials of different oxide systems.  
 
pH at 
IEP 
(± 0.2 ) 
Suspensio
n pH 
ΔpH            
(pHIEP -  
pHsusp) 
Zirconia 6.2 3.7 ± 0.4 2.5 
YSZ 8.0 5.1 ± 0.2 2.9 
Alumina 9.5 5.5 – 6.5 ≈ 3.5 
Titania 6.2 2.3 ± 0.3 3.9 
 
Table 4: Comparison of hydrolysis reactions for different oxide systems [48].  
 
Available 
Species at pHsusp 
Ksp (aq) 
[species]T
at pHsusp 
Overall Hydrolysis 
Reactions 
Zirconia 
Zr(OH)4, 
Zr(OH)3+ 
Zr(OH)3+, H3O+ 
10-9.7 ≈ 10-10 ZrO2 + 2H2O ↔ Zr(OH)4 
YSZ  
10-26 
[Y(OH)3] 
- 
Y2O3 + 3H2O ↔ 
2Y(OH)3 
Alumina 
Al(OH)3, 
Al(OH)2+ 
Al(OH)2+, H3O+ 
10-15 ≈ 10-5.6 Al2O3 + 3H2O ↔ 
2Al(OH)3 
Titania 
Ti(OH)4, 
Ti(OH)3+ 
Ti(OH)22+, H3O+ 
10-4.8 ≈ 10-4.7 TiO2 + 2H2O ↔ Ti(OH)4 
pHsusp is the pH of the suspension, Ksp is the solubility product of the hydroxide in aqueous 
environment, [species]T is the total concentration of the available species and ΔHhyd is the 
enthalpy of hydration.   
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As mentioned earlier, the addition of NaCl did not affect the bound water, while the H+ and 
OH- led to a decrease and increase of the bound water peaks, respectively [3]. The introduction 
of more H+ to the system shifted the bound water curves to lower temperatures while shrinking 
it. Similarly, for oxide systems, higher the ΔpH (higher the available H+) is, lower the bound 
water melting temperature and smaller the bound water fraction is.  With the addition of OH-, 
totally opposite behavior was observed.  
The changes in bound water fractions with solids content for different oxide suspensions are 
plotted in Figure 5. As the solids content was increased, the bound water fractions also increased, 
supporting our claim that the bound water was associated with the available surface area. The 
bound water fractions for YSZ, zirconia and alumina were relatively similar, but differed from 
those for titania. This trend does not correlate with their BET surface area indicating that the 
bound water fractions were not only function of the surface area. Different melting temperatures 
and heat of fusion values support this conclusion. The formation of the bound water layer may 
also be affected by the chemical nature and kinetics of the layer formation.  
 
Figure 5: Variation of bound water fractions with solids content for different oxide systems. 
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Modeling Suspension Viscosity 
The Krieger-Dougherty equation (Equation 2) is a semi-empirical relation derived for hard 
sphere suspensions at medium to high solids contents [43, 49, 50].  
ߟ
ߟ଴ ൌ ൤1 െ
߶
߶௠௔௫൨
ିሾఎሿథ೘ೌೣ
 
(Equation 1) 
 We recently showed that the Krieger-Dougherty equation can be modified by introducing 
the effective solids content and maximum achievable effective solids content parameters caused 
by the presence of bound water layers around the particles (Equation 2) [51]. Here, we aimed to 
determine the intrinsic viscosities of different oxide systems to better understand the parameters 
affecting viscosity of nanopowder suspensions.  
ߟ
ߟ଴ ൌ ቈ1 െ
߶௘௙௙
߶௘௙௙,௠௔௫቉
ିሾఎሿథ೐೑೑,೘ೌೣ
 (Equation 2) 
where η, η0, and [η] are the viscosity of the suspension, the base fluid and the intrinsic 
viscosity and Φeff and Φeff, max are the effective solids content of particles and the maximum 
effective solids content for the system, respectively.  
Because the bound layer cannot serve as solvent in the system, its volume fraction, which 
was estimated from DSC plots, was added to the solids content parameter to obtain the effective 
solids content (Equation 2). For the maximum effective solids content, experimentally achieved 
maximum value was used.   
߶௘௙௙ ൌ 	 ௌܸ ൅ ஻ܸௐ௧ܸ௢௧௔௟  (Equation 2) 
where VS,  VBW, and  Vtotal are the volumes of solids, bound water and total suspension, 
respectively. Similar approaches were employed previously for steric layers [42, 49], 
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electrostatic double layers (EDL) [52, 53], and swelling of particles [35, 54]. Therefore, it was 
assumed that at the boundary of this layer, the powders can be assumed to be hard spheres, 
allowing for the application of models derived for hard spheres such as Einstein, K-D relations, 
and others.   
The suspension viscosity of charged particles depends on many variables related to flow 
conditions, concentration, physical and chemical properties of the particles and suspending 
medium, and others [41]. Even though the K-D equation seems to be only a function of solids 
content, maximum achievable solids content and intrinsic viscosity, the other parameters are 
embedded in these three variables.  
Concentrated nanopowder suspensions showed strong shear thinning behavior (Figure 1).  
Therefore, Φeff, Φeff,max and [η] need to be determined for specific shear rate. We already detailed 
the dominant system forces caused by the applied shear rate when discussing the rheological 
behavior. The change in the force balance affects the prediction of the parameters. Maximum 
solids fraction, for example, increased with the increase in shear rate because of the denser 
packing of particles. For hard spheres, the highest possible packing fraction is theoretically 0.74, 
while experimentally it is predicted to be 0.54. At low shear rates, particles are at rest and pack 
loosely. While the theoretical value for random packing of monodisperse spherical particles is 
0.64, experimentally it varies from 0.495 to 0.54 [29, 43, 55]. Polydispersed systems can pack 
more densely because the smaller particles fill the voids between larger ones [43, 49, 56, 57]. 
Deformability of particles also increases the packing fraction, because particles can squeeze past 
each other and enhance the effect of shear [42, 49].  However, there is no universally accepted 
way to predict the value of Φmax [43].  
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Because of the lack of better approximation, we assumed that the Φeff,max is the maximum 
solids content achieved experimentally in our calculations independent of the shear rate. 
Experimental Φeff,max values are given in Table 4. Because the experimental values were already 
high, we did not expect large deviations with shear rate. Even when Φeff,max was assumed to be 
1.0 at 500 s-1, which represents the condition with the highest possible error, [η] for alumina, 
zirconia, YSZ and titania increased from 8.7, 4.1, 2.8, and 5.3 to 9.0, 4.9, 3.1 and 6.0, 
respectively.  
Table 5 shows the comparison of intrinsic viscosities of different oxide systems at three 
different shear rates by fitting the K-D and the modified K-D expressions. Equations were fitted 
through regression over different solids content.  
A comparison of experimental values and predictions through the modified K-D equation is 
shown in Figure 7. The viscosities of the alumina suspensions showed a different dependency on 
solids content than the other oxide systems, as was shown in Figure 3. This observation was also 
reflected in departure of predicted viscosity (by modified K-D expression) from the 
experimentally measured viscosity (Figure 7). For alumina, a good fit could only be obtained for 
low to medium solids contents (0 ≤ Φ ≤ 0.20, with 5 data points). For the other oxide systems, 
the viscosities at higher solids contents could be estimated without significant deviations. During 
fitting of modified K-D relation, relatively large errors were observed at high solids contents for 
zirconia and YSZ suspensions (Φ ≥ 0.40). These deviations were probably caused by an error 
during deconvolution of overlapping peaks for determining the bound water content. For titania 
suspensions, there was no overlapping peaks even at very high concentrations, so the best fit was 
obtained through the full solids content range.  
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Table 5: Fitting parameters of Krieger-Dougherty equation for different oxide systems at 
shear rates of 0.5 s-1, 50 s-1, and 500 s-1.  
 
Shear rate 
(s-1) 
K-D Relation 
Modified K-D 
Relation 
ηexp (Φ= 0.20) 
(Pa·s) 
[η] R2 [η] R2
Alumina 
(Φmax = 0.91) 
0.5 39.7 0.874 16.9 0.872  
50 27.9 0.968 11.6 0.968 0.891 
500 20.9 0.971 8.7 0.963  
Zirconia 
(Φmax = 0.84) 
0.5 18.6 0.957 7.6 0.961  
50 13.3 0.962 5.1 0.969 0.011 
500 10.7 0.957 4.1 0.945  
YSZ 
(Φmax = 0.92) 
0.5 9.2 0.982 3.5 0.982  
50 8.6 0.985 3.1 0.982 0.013 
500 7.9 0.773 2.8 0.706  
Titania 
(Φmax = 0.89) 
0.5 13.3 0.849 9.5 0.936  
50 10.6 0.979 6.6 0.990 0.006 
500 8.6 0.929 5.3 0.975  
For the Krieger-Dougherty (K-D) relation, maximum achievable solids content (Φmax) was 
taken as 0.495 at low shear rates (0.5 s-1) and 0.54 at high shear rates (50 s-1 and 500 s-1). Φ 
(solids content) was assumed to be concentration of “dry” powders. For the application of the 
modified K-D equation, the maximum achievable effective solids content (Φeff,max ) was 
determined experimentally, and assumed constant over the shear rate range. Φ was replaced by 
the estimated effective solids content (Φeff) to account for the bound water layer. ηexp represents 
the experimental viscosity measurements. [η] represents the intrinsic viscosity, and the R2 is a 
coefficient representing the quality of the fit. R2=1.0 is the best possible fit.  
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Figure 6: Comparison of experimental data with viscosity predictions by the K-D equation for 
different oxide systems at a shear rate of 50 s-1.   
Intrinsic viscosity is defined as the contribution of particles to the viscosity and is a function 
of particle size, shape, and flexibility [58]. The intrinsic viscosity of hard spheres was calculated 
by Einstein as 2.5 [59]. Because there was no size effect included in Einstein’s calculations, the 
effect of particle size was investigated later [58]. Larger particles lead to larger energy 
dissipation and deviations from the spherical shape lead to higher intrinsic viscosity values 
because of the increase in particle size caused by free rotation of the particles. Deformable 
particles, on the other hand, lead to lower intrinsic viscosities.  
The TEM micrographs, Figure 1, showed that the YSZ particles were well dispersed 
individual particles. Zirconia particles, on the other hand, were highly agglomerated resembling 
fused assemblies. The lowest intrinsic viscosity values were obtained for YSZ systems, which 
was attributed to the dispersion of the particles. Alumina and titania particles look very similar to 
each other except from their particle size (Figure1). Lower intrinsic viscosity of titania powders 
with respect to alumina powders may be attributed to their smaller size (Table 1 and 5).  
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Nanopowders tend to form agglomerates because the smaller separation distances allow for 
stronger interparticle forces. If the flow units are considered as agglomerates rather than 
individual particles, an increase in intrinsic viscosity is expected, because of the surface 
roughness and the higher effective solids content created by the voids between particles [60]. 
Therefore, in the presence of agglomerates, the intrinsic viscosity becomes not only function of 
particle properties like size, shape or deformability but also interparticle forces, thus chemistry of 
particles, solids content and flow conditions [52, 53, 61-63].  
At low shear rates, where the interparticle forces are more effective, large agglomerates 
form resulting in high intrinsic viscosities. With the higher shear rate, agglomerates becomes 
denser and with lower fractal values, therefore, the values of intrinsic viscosity lower [64, 65]. 
Table 4 shows the expected decrease in intrinsic viscosities with shear rate for all four oxide 
systems. The differences between the intrinsic viscosities at lower and higher shear rates indicate 
the effectiveness of interparticle interactions on viscosity.  
At higher shear rates, the effect of interparticle interactions was expected to decrease. 
Theoretically, shear thinning behavior terminates with the plateau region at very high shear rates. 
However, as seen in Figure 2, the viscosities did not reach the plateau at a shear rate of 500 s-1, 
which indicated that the interparticle interactions were still effective. Conversely, at low solids 
contents, shear thickening was observed in this region as predicted by Jamali et al. [44]. Since K-
D equation is originated for hard sphere systems, relatively better fitting parameters, R2, obtained 
at the shear rate of 50 s-1 supports the claim of the minimized effect of interparticle interactions 
and controllable effect of hydrodynamic interactions at this shear rate.  
Estimates using the K-D equation resulted in higher intrinsic viscosity values than estimates 
using the modified equation. The main differences between the two models were the packing of 
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agglomerates and the deformability of the particles caused by the bound water layer. In the 
presence of a bound water layer, a denser packing of particles with lower fractal values was 
expected, especially at high shear rates. Because the packing fraction of the agglomerates is 
inversely proportional to the intrinsic viscosities, lower predictions of intrinsic viscosities were 
meaningful when modified K-D was employed.   
When the relative intrinsic viscosities of powders were compared, modified relation lead to 
higher intrinsic viscosity values than zirconia while the K-D relation results in vice versa. The 
Hamaker constants of titania and zirconia particles are 5.35 × 10-20 J and 8.0 × 10-20 J, 
respectively [34]. Zeta potential values at the suspensions pH are 45 mV and 30 mV for titania 
and zirconia powders, respectively.  Lower Hamaker constants and higher zeta potential values 
of titania system indicate the more effective repulsive forces than zirconia systems. Repulsive 
forces lead to loose packing of agglomerates, thus higher intrinsic viscosities [52, 53, 65].  
However, according to K-D equation, zirconia powder has higher intrinsic values than titania 
powders as opposed to the expectations from relatively better dispersed systems. When the effect 
of bound water layer was excluded as in modified K-D relation, higher intrinsic viscosities were 
obtained for titania powders as expected.  
In the K-D relation, the estimated intrinsic viscosities [η] are directly related to the viscosity 
of the suspensions. In other words, as Φmax is assumed constant at each specific shear rate, [η] is 
the only adjustable variable in the K-D expression and mirror the suspension viscosity implying 
that all the variables are imbedded in the intrinsic viscosity term, [η]. Therefore, elucidating the 
viscosity mechanism is difficult. With modified Krieger Dougherty equation, the effect of bound 
water layer on the suspension viscosity was elaborated.  
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Conclusion 
The viscosities of different oxide nanopowder suspensions were studied. All suspensions 
exhibited shear thinning behavior at relatively high solids content because of the small separation 
distances and enhanced interparticle interactions. With increase in shear rate, hydrodynamic 
interactions dominate the interparticle interactions. At low solids content, shear thickening 
behavior was observed at higher shear rates because of the hydrocluster formation.  
It was shown that the bound water is not unique to alumina nanopowder suspension, but 
common for other oxide systems also. Bound water fractions were estimated by deconvolution of 
LT-DSC plots. Bound water fractions increased with solids content. The melting temperature of 
bound water and ts magnitude were dependent on the type of oxide. A relationship between the 
bound water content and ΔpH of the suspensions was distinguished. pH differences was 
associated with the available charged species and precipitated hydroxides. For the higher ΔpH of 
suspensions, the lower bound water melting temperatures were observed.  Hydrolysis of oxide 
powders might be responsible for the existence of the bound water layer resulting in increased 
effective volume fractions and higher viscosities of nanopowder suspensions.  
Estimated bound water fractions were introduced to the effective solids content and the 
maximum achievable volume fraction terms in the K-D equation. Intrinsic viscosities were 
predicted using the modified Krieger-Dougherty equation as 11.6, 6.6, 5.1 and 3.1 at the shear 
rate of 50 s-1 for alumina, titania, zirconia and YSZ, respectively. The lowest intrinsic value of 
YSZ was attributed to the better dispersion of particles. The intrinsic viscosity of powders was 
decreased with increasing shear rate. Introduction of the bound water layer to intrinsic viscosity 
yield more reasonable intrinsic viscosity values. Since it excludes the effect of bound water layer 
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on intrinsic viscosity, modified equation leads to better understanding of the viscosity 
mechanism.  
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CHAPTER VII. GENERAL CONCLUSIONS 
Nanopowder suspensions show unexpectedly high viscosities. This thesis addresses the 
questions regarding the rheological properties of concentrated aqueous suspensions of oxide 
nanopowders and aimed to understand and control their rheological behavior.  
Previous studies showed that the bound water phenomenon is critical not only to reveal the 
effect of low molecular saccharides on suspension viscosities, but also for a general 
understanding of the rheological behavior of nanopowder suspensions. However, neither the 
viscosity reduction mechanism of the fructose nor the origin of the bound water phenomenon 
was well-understood. The first study elucidated the viscosity reduction mechanism created by 
low molecular weight saccharides in alumina nanopowder suspension as well as the effects of 
particle size and solids content. It was shown that the bound water peak was also observed in 
sub-micron size particle systems where its effect is negligible. The effect of the bound water 
layer on the effective volume fraction was discussed and it was determined the unexpectedly 
high viscosities in nanopowder suspensions could be attributed to the bound water layer. The 
bound water content is directly related to the powder surface. The possible origin of the bound 
water was suggested as hydration layer. Fructose molecules modified the bound water layer and 
increased the available solvent, thus decreasing the effective volume fraction and reducing the 
viscosity.  
A literature review revealed that large surface areas, smaller separation distances, and large 
EDL thickness are the main characteristics of concentrated, nano-size oxide suspensions, causing 
their complex rheological behavior. However, it was observed that the bound water layer is 
distinctly different than the EDL layer. The effect of ionic strength and pH in alumina 
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nanopowder suspensions were studied in detail to better understand the bound water layer and 
the effect of electrostatic forces in concentrated nanopowder suspensions. The application of the 
DLVO theory to nanoparticle assemblies predicted that small changes in electrolyte 
concentration would lead to significant changes in the nanopowder system. The effect became 
more noticable at high solids contents. Contrary to predictions in the literature, very small 
indifferent electrolyte additions (0.020 M ≤ [NaCl] ≤ 0.040 M) led to a significant reduction in 
suspension viscosity. Zeta potential measurements and DLVO calculations showed that a 
shrinkage of the double layer and an increase in zeta potential of the powders resulted in lower 
viscosities. When potential determining ions, HCl and NaOH, were introduced to the system, 
stable suspensions could be obtained only within a limited pH range (4 ≤ pH ≤ 7). At pH values 
higher than IEP (pH ≥ 9.5), the concentrated suspensions could not be stabilized by addition of 
NaOH, as previously reported in the literature. The low electrostatic repulsion and increased 
bound layer thickness were identified as the reasons for this behavior. The bound water fraction 
decreased with the addition of H+. Therefore, potential determining ions not only adjusted the 
electrostatic interaction as well known, but also influenced the effective solid volume fraction of 
the suspensions.  
In order to optimize the viscosity reduction, two independent mechanisms – modification of 
the effective volume fraction achieved by addition of fructose and compressing the electrical 
double layer by addition of NaCl – were combined. The lowest viscosities were obtained when 
fructose and NaCl are added simultaneously. LT-DSC and in situ ATR-FTIR studies indicated 
that the two mechanisms operate independently. With the help of the Krieger-Dougherty 
equation, the individual and combined effects of fructose and NaCl on intrinsic viscosities were 
estimated. It was determined that the changes in interparticle interactions and bound water 
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content contributed to the intrinsic viscosity. The influence of fructose and NaCl addition on the 
green body microstructure was illustrated by a limited number of slip cast samples. While slip 
cast samples without additives were fragile with almost micron size pores, the addition of 
fructose diminished the pore size and improved the structural integrity of the casts. The 
combination of fructose and NaCl resulted in stronger samples exhibiting only mesopores.  
Although previous studies demonstrated that other mono- and di-saccharides also effective 
in reducing the viscosity, these studies were all limited to saccharides. In order to demonstrate 
saccharides are not unique in reducing the viscosity, the use of ascorbic acid for the stabilization 
of alumina nanopowder suspensions was studied and reported Chapter V. Ascorbic acid was 
selected as a good candidate to optimize the viscosity of nanopowder suspensions because of the 
chemical similarity between ascorbic acid and fructose molecules (multiple hydroxyl groups, 
small molecule) and its acidic nature. With the addition of small amounts of ascorbic acid (1 
wt% of dry powder), the viscosity of the suspensions decreased dramatically and Newtonian 
flow was obtained for moderately concentrated suspensions (Φ < 0.30). With the optimum 
ascorbic acid concentration, the maximum solids content (where η ≤ 1 Pa·s at a shear rate of 100 
s-1) could be increased to about 0.35, which is the highest value reported in the literature for 
readily available processing additives. In addition, the viscosity reduction mechanism was 
identified as the adsorption of ascorbic acid molecules on the alumina surface. To the best of our 
knowledge, this study was the first in open literature to use ascorbic acid to stabilize oxide 
suspensions.  
Lastly, the findings for alumina nanopowder suspensions were extrapolated to other oxide 
nanopowder systems, such as zirconia, yttria stabilized zirconia, and titania suspensions. These 
systems were compared in terms of their rheological behavior, bound water content as a function 
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of solids content. Strong shear thinning behavior at higher solids contents and shear thickening 
behavior at high shear rates of low solids content suspensions were observed in all oxide 
systems. It was shown that the presence of a bound water event is not unique to alumina 
nanopowder suspensions, but universal for other aqueous oxide nanopowder systems. An 
interesting correlation was observed between the ΔpH (pHIEP - pHsusp) values of the suspensions 
and the bound water content. We concluded that the bound water events may be considered as 
related to hydrolysis of the oxide powders. The application of the Krieger-Dougherty equation 
showed that the viscosity of the suspensions was not only a function of solids content, DLVO 
interactions, and geometry of the particles, but also a function of their surface chemistry.  
 
 
